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ABSTRACT 

The elimination in penetrating ray experiments of temperature and pressure 
effects is accomplished through new features in the design of Wulf electroscopes, 
but especially through immediate reduction in situ of all deflections to volts. 

Variation of penetrating radiation with altitude and with time of day.— 
When suitable precautions are taken for eliminating the activity of adjacent 
rocks, both airplane and mountain peak observations agree in showing a definite 
variation of the penetrating radiation with altitude alone. Within the limits 
of experimental error all observations are consistent in showing no dependence 
of the penetrating radiation upon the time of day or upon the position of 
heavenly bodies. 

Absorption coefficients of penetrating rays.—Absorption experiments 
made on Pikes Peak with lead sheets 4.8 cm thick furnish evidence for the 
existence on mountain peaks of copious new rays of local origin of no greater 
hardness than that of gamma rays. If these new rays are assumed to be homo- 
geneous their absorption coefficient is about 3.1 per meter of water. These 
experiments, however, furnish no definite evidence for the existence of very 
penetrating rays of cosmic origin. 

Necessary characteristics of cosmic rays if they exist—Such rays cannot 
produce as much as 2 ions per cc per sec. at sea level if they have an absorption 
coefficient not less than 0.25 per meter of water. If cosmic rays exist at all 
they must be less intense than this, or else they must be more penetrating than 
anyone has as yet suggested. 


I. INTRODUCTION 


HE sounding balloon experiments reported in Part I' had shown 

that the integrated natural leak of electroscopes at altitudes up to 
15.5 km was slightly larger than the leak at the surface covering the 
same time interval. They had, however, shown nothing about the dis- 
tribution of the leak with altitude, and they had shown nothing about 
the hardness of the rays causing the leak, further than to prove that 
if there were any rays of cosmic origin they must be very much more 
penetrating than had thus far been imagined in order to account for 
the smallness of the observed ionization. If, on the other hand, the 


1 Millikan and Bowen, Phys. Rev. 27, 353 (1926). 
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small observed increase in ionization were due to radioactive materials 
in the atmosphere the penetrating rays should have the absorption 
coefficients of ordinary gamma rays. 

In order to supply information upon these points a new group of 
experiments was planned and carried out in the summers of 1922-23. 
These involved (1) absorption experiments at the highest altitude to 
which we could transport considerable quantities of absorbing materials, 
and (2) experiments without absorbing screens in balloons, airplanes, 
and on mountain peaks to see whether altitude as such were a de- 
termining factor in the observed variations in the discharge rates, or 
whether there might be largely different discharge rates in different 
localities, thus accounting for the widely different results reported by 
different observers. 

Suspecting, however, that these differences were due primarily to 
the failure to take suitable precautions against the influence of tem- 
perature upon the dimensions and elastic constants of the electroscopes, 
we adopted especial precautions for eliminating completely all such 
effects. 

II. THE ELECTROSCOPE 


The electroscope used is diagrammatically shown in Fig. 1 and a 
photograph of it inside a lead sheathing is reproduced in Fig. 3. This 
electroscope, which is of the Wulf type, was designed and constructed 
in the shops of the Norman Bridge Laboratory of Physics. Two quartz 
fibres of about 0.005 mm to 0.01 mm diameter and about 6 cm long, 
sputtered with platinum to make them conducting, are at the top 
soldered together into a small copper tube which is held by a set-screw 
in a brass cap, A, cemented to a long rod of quartz insulation. At their 
lower ends the fibres are fastened by a bead of shellac to a bow of un- 
sputtered quartz fibre of slightly greater diameter. The ends of the 
bow are attached to brass pieces, B, whose effective lengths are 
adjustable, so that the fibres can be brought to the most efficient ten- 
sion. This tension is one that will allow full-scale deflection when the 
electroscope is charged to the desired potential, but is still sufficient 
to make stable the fibres and to bring them together when uncharged. 
The screws for adjusting the tension on the fibres pass through an ~ 
invar bridge which is supported in invar rods, C, which are in turn hung 
from approximately the same point in the top that supports the quartz 
insulator. Thus the tension is not changed by any deflection of the 
electroscope case due to a difference in pressure between the inside and 
the outside. Furthermore, inasmuch as the invar used was tested and 
ound to have a temperature coefficient of expansion practically equal 
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to that of quartz, the tension of the fibres should be independent of 
temperature also. This was found to be the case. 

The case of the electroscope was made from cylindrical brass tubing, 
1.7 mm to 1.8 mm thick. The bottom was of brass, 5 mm thick, while 
the top was of rolled zinc and most of the metal parts connected with 
the top were turned from zinc castings. This case was air-tight under 
a pressure of 60 lbs. per square inch above atmospheric pressure. The 
enclosed air was kept dry by phosphorus pentoxide which filled the 
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Fig. 1 











flat cylindrical box, D, at the bottom of the electroscope. This box, 
which is covered by a perforated top to keep the phosphorus pentoxide 
from being shaken out where it might cause trouble, screws onto a lug 
projecting from the bottom of the case. 

The positions of the fibres were determined with the aid of a micro- 
scope having a scale in the eyepiece. A window on the opposite side 
of the case provided light. Sunlight was used when possible; in other 
cases a small flash-light bulb attached to a projection over the window 
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was employed. The position of the objective as well as the eyepiece 
of the microscope could be varied, for the whole microscope fits into 
a tube, see Fig. 3, which extends into the case of the electroscope and 
terminates in a small glass window. This arrangement is very conve- 
nient because it is possible by simply removing the microscope to 
lower the electroscope into deep water without any protection and 
without fear of a leak. The fibres are kept in the focal plane of the 
microscope by the strengthened field due to the bent aluminum 
wires, E, projecting from the supporting invar rods. A very thick 
soft rubber gasket separates the top of the electroscope from the sides, 
so that the fibres could easily be swung into the center of the field of 
view by tightening the proper screws in the top. 

The outside electrical connection to the fibres is made through the 
charging rod, F, which in the “on’”’ position touches the brass cap to 
which the fibres are attached, and in the “‘off’’ position touches the 
case. This charging rod, as it passes through the case, is tapered at a 
very small angle to fit a greased ebonite bearing and is held tightly 
into contact by a strong spring. 

A feature of the electroscope is that it is possible entirely to eliminate 
insulation loss if the loss across the thin quartz bow be neglected, and 
this is permissible because of the negligibly small diameter of the bow 
compared with the upper insulator. The quartz insulator is held in 
a brass rod which passes through an ebonite plug to the outside of the 
electroscope. This brass rod was held at the mean potential of the 
fibres throughout the period of observation thereby making impossible 
any insulation loss to the case. The brass rod and the quartz insulator 
are shielded from the rest of the electroscope by the shield, G, which 
is made in two parts, one of which may be rotated with respect to the 
other, leaving an opening to facilitate cleaning the insulator. The fact 
that the electroscope was designed with a view to accommodating lead 
screens accounts for the absence of projections from it and also for its 
small size. The volume was 1893 cc. The sensitivity varied in the 
different experiments from 1.4 to 2.1 volts per scale division. The 
capacity of the insulated system was found to be 1.32 cm. 








Il. 


Essentially what is done in making a measurement of the penetrat- 
ing radiation is to charge the electroscope to a known potential and 
note the drop in potential of the insulated fibres in a given interval 
of time. Then from these data and the known capacity of the fibres 
together with the volume, V, of enclosed air in the electroscope, and the 


METHOD OF OBSERVATION 
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charge, e, on an electron, the rate of production of ions per unit volume 
can be calculated. Thus, the number of pairs of ions per cc per second 
which are formed is C;AP/3600Ve, where AP is the drop in potential of 
the fibres per hour. 

However, the simple difference in the positions of the fibres as read 
on the scale is not an accurate measure of the potential drop of the 
fibres, especially after transportation of the electroscope from one place 
to another. Therefore, inasmuch as the electroscope was necessarily 
subjected to rather severe treatment, in order to destroy all doubt as 
to the meanings of the readings, the electroscope was calibrated before 
and after every period of observation, i.e., the electroscope deflections 
were always reduced to volts at once and in situ. This was easily and 
accurately accomplished by charging the electroscope to four known 
potentials in the region in which lay the reading to be interpreted. 
The four points thus obtained were plotted and a straight line was 
drawn through them. The four points almost always lay quite close 
to the line and it was never possible to make any large error. Such 
calibration at the time of reading is very essential to accurate results, for 
it was found that, while the sensitivity might not change appreciably, 
the whole calibration curve might from time to time move to the side, 
thereby changing the meaning in volts of a given deflection of the fibres. 
Also a slight change in focusing the microscope on the fibres of course 
changes the volt-value of the scale. These possibilities of error were 
completely eliminated by the method employed in these investigations. 

The diagram of connections is shown in Fig. 2. When the switch S 
is in position 1, the battery is connected to the charging rod and to the 
case; when it is in position 2, it is connected to the guard ring on the 
quartz insulation and to the case. The 40,000 ohms resistance, R, is 
inserted in the electroscope circuit to avoid destructive currents if the 
charging rod should accidentally be brought into contact with the case 
while the switch S is still in position 1. Because no current flows 
through the electroscope, this resistance does not interfere with the 
measurement of potential. 

The procedure in making an observation, then, is as follows: The 
charging rod is in the neutral position. The switch S is closed to 
position 1. The voltmeter switch is closed, a suitable potential is found 
on the battery, and the charging rod is connected to the fibres. The 
deflection of the fibres and the corresponding volts are then read as 
nearly simultaneously as possible. The charging rod is removed to 
neutral and a potential about 4 volts lower is found. The fibres are 
again charged and the deflection and volts are read. This is repeated 
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until four comparisons between deflection and volts have been obtained. 
The fibres are then charged to a potential lying in the midst of the four 
potentials previously applied, the charging rod is brought to neutral, 
the switch S is lifted to the neutral position, and the charging rod is 
turned so that it touches the case. The deflection and the time are 
then observed. This deflection is afterward interpreted in terms 
of volts and gives the potential at the beginning of the period of 
observation. The potential is now adjusted to equal the mean 
value of the potential of the fibres to be expected during the period 
of observation, the voltmeter switch is opened, and the switch S is 
closed to position 2, thereby putting this potential on the guard ring 
at the top of the quartz insulator and making impossible insulation 
loss. This potential need not be adjusted accurately, because the 
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insulation loss is probably negligibly small anyway. The guard ring 
was used only to make it impossible to criticize the results from the 
standpoint of insulation loss. At the end of the period of observation, 
the switch S is lifted to the neutral position, and the deflection of the 
fibres and the time are noted. The charging rod is turned to neutral 
and the process of calibration described above is gone through in order 
that the deflection just observed may be interpreted in volts. Suitable 
precautions were of course taken to insure saturation at all times and 
to permit the activity of the radium emanation to die out after changing 
the air in the electroscope. 























IV. MEASUREMENTS IN AIRPLANES AND BALLOONS 


Preliminary measurements made in captive balloons at Ross Field, 
near Pasadena, by one of us (Otis) yielded results in agreement with 
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those of other observers in that up to an altitude of 2000 meters the 
number of ions per cc per sec. was from 1 to3 less than on the ground. 
No systematic change, however, was observed in this work at low 
altitudes. 

The mean results of a long series of airplane flights made by Otis 
in 1922 at Marsh Field (near Riverside) and in 1923 at Rockwell Field 
(near San Diego) are shown in Table 1. These flights reached heights 
of more than 5000 meters. The numbers given are taken from a smooth 
curve drawn so as to fit as well as possible 17 observed points. In three 


TABLE I 


Airplane observations 
Altitude Excess over ground 
500 meters —2.1ions/cc. sec. 
760 —2.7 
1200 —2. 
1750 —1. 
2500 —0. 
3400 +2. 
4200 +4. 
5200 +7. 


instances these points depart from the curve by as much as 2.5 ions, out 
of a total discharge-rate, at the high altitudes where these points lie, of 
from 17 to 19 ions. The accuracy is limited by the shortness of the time, 


usually a half hour, during which a given altitude was maintained. 


In these airplane flights the electroscope was suspended in front of 
the observer’s seat by three pieces of ordinary laboratory rubber tubing, 
attached at their upper ends to the sides of the cockpit or to the gun- 
mount. The instrument was kept from swinging by another piece of 
tubing fastened at one end to a plug which screwed into the bottom 
of the electroscope and at the other end to the floor of the cockpit. 
The electroscope was thus made stable and free from the effect of 
vibration of the airplane motor. 

The method followed was to go to the highest altitude attainable 
in a reasonable time, maintain the airplane accurately at that altitude 
during the period over which ionization was to be measured, then drop 
down to the next altitude, etc. Because of the limit to the amount of 
gasoline that can be carried to those high altitudes and the long time 
required to reach them, it was never possible to make observations at 
more than three different altitudes on the same day. 

The results shown in Table I are in agreement with those of Millikan 
and Bowen! in that they show a markedly lower rate of leak at the 
highest altitudes reached than those reported by Hess and Kolhorster. 
However, as a whole these balloon and airplane measurements are in 
agreement with those of the European observers in showing that the 
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intensity of the penetrating radiation first decreases to a minimum after 
which it increases continuously with altitude. 


V. INDEPENDENCE OF PENETRATING RADIATION UPON TIME OF DAY 


During three different summers, 1922, 1923, 1925, we have made 
long series of observations, not only at Pasadena but on Mt. Whitney 
and on Pikes Peak, to test the constancy of the ionization due to the 
penetrating rays. At Pasadena, where the average number of ions as 
measured by the foregoing unshielded electroscope is 11.6, the fluctua- 
tions may be as much as an ion, but no systematic variation whatever 
has been observed. On Pikes Peak, where the rate of discharge of the 
unshielded electroscope is nearly twice that at Pasadena no variation 
with time of day was found. 

Table II gives in the first two columns a series of readings, each lasting 
two hours, taken on top of Pikes Peak inside a shield of lead 4.8 cm 
thick at the sides, 11 cm at the top, and open at the bottom, and in 
the last two columns a continuous series of twenty similar observations 
taken with the unshielded electroscope at altitude 4130 m on the trail 
to Mt. Whitney. 

TABLE II 


Observations showing independence of penetrating radiation upon time of day. 
Pikes Peak (4300 m) Mt. Whitney Trail (4130 m) 
Shielded electroscope Open electroscope 
Mean time of Ions per Mean time of Ions per 
observation cm? observation cm? 
per sec. per sec. 
9/16/22 8:50 P.M. 19. 
10:58 “ 


9/22/23 2:43 P.M. 
437 = * 


7:06 
9:26 


9/17/22 


9/23/23 11:31 
1:38 

4:05 

8:35 

10:45 


9/24/23 12:57 
3:25 
5:52 


WO SCOBNA IHR 


9/18/22 


8:40 
10:49 
12:54 P.M. 


RRR R RE 
. 


CORSmR WANKRARUIONHON Cv 


Mean, 19.6 


The results shown in this table are merely typical of a very considerable 
amount of data, all of which is consistent in showing that within the limits 
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of our experimental error there is no dependence of the penetrating radiation 
upon daylight or darkness, or upon the position of any of the heavenly 
bodies. Two recent observations taken in a geological basin at a time when 
the Milky Way was wholly beneath the horizon gave no indication of a rate 
of discharge lower than that found when the Milky Way was overhead. 


VI. DEPENDENCE OF PENETRATING RADIATION UPON ALTITUDE 


As already indicated, the mean value of the penetrating radiations as 
taken by the unshielded electroscope on the Institute campus is 11.6 
ions. At bench mark No. 15 of the U. S. Geological Survey on the 
Mt. Whitney Trail, altitude 4130 m it is 19.6. At bench mark No. 14, 
elevation 3660 m, the mean of two observations gave 17.3 ions. The 
last two observations were both taken on the granite rocks so that their 
difference, 2.3 ions, might be expected to represent a true altitude 
difference. Jt is quite close to the difference shown in Table I in the 
readings taken in airplanes between the same levels. Further, near bench 
mark No. 14 a shallow lake 1 m deep was found over which when the 
electroscope was floated on a raft the reading was 13.6, or 3.7 ions less 
than on the adjacent rocks. This difference is close to the mean of all 
the data heretofore collected on the change in electroscope reading in 
going from over land to over water. A collection of eight such differences 
taken by McLennan, McLeod, Kunsman, and Wulf is as follows: 3.3, 
5.1, 3.8, 2.2, 4.9, 3.2, 3.8, 4.5; mean 3.8. This mean is in close agreement 
with the value of 3.7 here found. When 3.7 is subtracted from any of 
the aforementioned mountain observations they come fairly close to the 
readings at corresponding heights shown in Table I. 

Although, then, the uncertainty due to variability in the activity 
of the adjacent rocks is great, the evidence of all the foregoing mountain 
and airplane work is that there is a definite variation with altitude alone 
and that mountain and airplane observations can be brought into approxi- 
mate agreement by suitable precautions for eliminating the activity of the 
adjacent rocks. 


VII. ABSORPTION EXPERIMENTS ON PIKES PEAK 


None of our experiments so far had given us any information about 
the actual hardness of the penetrating rays. To obtain this information 
we constructed a completely encircling shield of seven sheets of lead, 
each a little less than 7 mm thick, the total lead shield having a thick- 
ness of 4.8 cm. The sides of the shield were made of semicylinders 
removable separately so as to open the electroscope to radiations from 
opposite directions. The top and bottom shields were circular plates 
of the same sheet lead. 
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In order to support this 300 pounds of lead it was necessary to use a 
steel frame consisting of two vertical rods supporting two ring-shaped 
plates. On the bottom plate rested the electroscope and the sides of 
the shield, while the top plate held the top of the shield. The bottom 








Fig. 3 


of the shield was placed on a steel strip and brought up to the bottom 
of the electroscope by nuts on the vertical rods. In Fig. 3 the electro- 
scope is shown on its stand with part of the lead sheathing in place. 


TABLE III 
Pike’s Peak observations—out-of-doors. 

A Unshielded (mean of four one-hour runs) 23.2 ions per cm per sec. 
B_ Shielded (4.8 cm of Pb.) (mean of four one-hour runs) 11.6 
C Top only unshielded (mean of three one-hour runs) 12.3 
D_ Bottom only unshielded (mean of four one-hour runs) $3.2 
E_ North side only unshielded (mean of fourone-hourruns) 16.9 
F South side only unshielded (mean of fourone-hourruns) 16.7 
G_ Both sides unshielded (mean of two one-hour runs). 20.55 
H On the tower (17 m high) of the building, unshielded, 

mean of two observations (17.1 and 17.5) 17.3 


The results of all the observations taken on Pikes Peak are condensed 
into Tables III and IV. In Table III measurements A to G were taken 
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out of doors on the rocks at the top of Pikes Peak. Measurement H 
was taken on the top of the skeleton steel tower above the inn. The 
measurements of Table IV were made inside the inn. The means of 
observations taken with the same apparatus in a tent on the campus 
of the Institute at Pasadena are given in Table V. 


TABLE IV 


Pikes Peak observations—indoors. 








Top and bottom Bottom unshielded 
er eee — unshielded 16 layers on top 
Cc D 





(Before the storm) 
12.36 14.00 
12.23 15.04 
12.00 14.42 
12.63 14.54 
Means 22.51 12.30 14.50 
(After the storm) 
20.78 10.94 12.67 
11.11 12.70 
12.74 
12.92 
12.77 


Means 20.78 12.76 








TABLE V 


Pasadena observations 

Unshielded 11.57 
Shielded 9.37 
Top only unshielded 9.54 
Bottom only unshielded 9.40 
Top and bottom unshielded 9.54 
Both sides unshielded 10.75 
Sides shielded, bottom unshielded, 16 

layers of lead on top 9.28 


ole llelel--b- 


There is no evidence in Table III of any difference in intensity of 
the penetrating radiations coming from the north and from the south, 
for the difference between the ionizations when the north side was 
unshielded and when the south side was unshielded is well within the 
limits of experimental error. The data show also that most of the 
radiation entered the electroscope through the sides, as was to be 
expected. 

Another interesting result is that on Pikes Peak, the radiation out-of- 
doors was greater than that in-doors, while in Pasadena the radiation 
out-of-doors is a little over 1 ion per cc per sec. less than that in-doors 
in a concrete building. At Pasadena, then, the walls of the building 
add more radiation than they absorb from the outside, while on Pikes 
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Peak the reverse was true. This is doubtless because on Pikes Peak 
there is more outside radiation to absorb. 

The radiation found on Pikes Peak is in substantial agreement with the 
measurements made at corresponding heights both on Mount Whitney and 
in airplanes. Thus, if the amount of radiation from the ground be taken 
the same as on Mount Whitney (3.7), then, following the same method 
as was used above, the radiation which would have been observed at 
the altitude of Pikes Peak (4300 m) if the ground had not contributed 
anything is, from the mean of all the A measurements in Tables III 
and IV, 22.2—3.7 or 18.5 ions per cc per sec. The difference between 
this and that observed at Pasadena, from A, Table V, is 18.5—11.6 
or 6.9 ions per cc per sec. On referring to Table I it will be seen that this 
value fits reasonably well with the airplane data. 

But it is obvious at once from Table III that there is a very much 
larger amount of soft radiation (of the hardness of gamma rays) on 
the mountain peaks than at Pasadena. Thus, while the difference 
between the shielded and the unshielded readings at Pasadena is but 
11.57 —9.37 or 2.20 ions, on the Peak outdoors it is 23.2—11.57 or 11.6, 
and when means are taken as above it is 22.2 — 11.57 or 10.6°. The rays 
producing these 11.63 (or 10.63) new ions found (unshielded) on Pikes 
Peak are necessarily soft rays since they are nearly all absorbed by the 
lead screen within which there are found all told but 2.23 more ions 
than at Pasadena. If these new rays found on Pikes Peak are assumed 
to be homogeneous, their absorption coefficient, a, computed from the 
relation J = Jpe~**, comes out, since d, in meters of water, is 4.8X11.3 
+100 =0.54, 

a =log,. (11.63/2.23) +0.54=3.1 per meter of water. 

This indicates that these rays are but little harder than the gamma 
rays from RaC, which are taken by Kolhérster,? for example, as having 
a coefficient of 3.9 per meter of water, while for ThD a=3.3. In other 
words, a homogeneous radiation of about the hardness of the gamma rays 
from RaC or ThD would account for all the increase found inside and 
outside of lead screens in the Pikes Peak experiments. If the rays are 
not homogeneous, since, in any case 80% are absorbed in the lead, the 
great majority of them cannot be appreciably harder than gamma rays, 
and these must be of local origin since gamma rays are all absorbed in 
500 meters or so of air. The change from about 22 ions to 17.3 ions in 
going from the inn to the fifty-foot tower above it indicates that some 
of the new rays found on the Peak are softer than gamma rays. 


* Kolhérster, Sitz. Ber. d. Preuss. Akad. 34, 371 (1923). 
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The foregoing evidence for the local origin of the greater part of the 
increased radiation found at the Peak is strengthened by a consideration 
of the effect of the storm noted in Table IV. This was a heavy snow 
storm, in which perhaps a foot of snow fell. The storm began at about 
six o’clock one evening and lasted throughout the night. About ten 
o’clock P.M. we noticed the reduction in the readings, a reduction 
which persisted during the hours during which we kept observing con- 
tinuously after the storm. We had been observing day and night for 
two or three days before the storm, and had obtained a consistent series 
of readings throughout, so that the change surprised us greatly when 
it came. Table IV shows that all the readings, shielded and unshielded, 
are smaller after the storm than before. These readings were all taken 
indoors where the temperature was kept essentially constant, and no 
instrumental causes of the change could be found. 

If these changes are due to the storm, i.e., to the blanketing of the 
earth with snow, they should be essentially the same in the column 
headed B as in that headed D. Taking, then, the mean of these two 
changes we obtain as the average shielded reading after the storm 11.5. 
The change under C, which is somewhat too large to be altogether 
consistent with the changes under A, B, and D, forces one to admit a 
somewhat larger observational or instrumental error of some sort than 
the general consistency of the readings otherwise indicates. Never- 
theless, the readings as they stand, taking 11.5 as the mean shielded 
reading after the storm, show a drop due to the storm of about 8 percent 
for the unshielded condition and 7 percent for the shielded condition. 
When further we subtract from both readings the 6 or 7 ions which, 
according to our measurements made under water, were due to the 
radioactivity of the walls of the vessel and hence had nothing to do with 
external radiations at all, we see that the rays which get through the 


lead screen are cut down by the storm by quite as large a percent 


(apparently a slightly larger one) as the rays found in the unshielded 
electroscope. Such a result, if correct, obviously requires the rays to be 
entirely of local origin. 

Both lines of evidence presented above point, then, to the conclusion 
that there is on mountain peaks a copious radiation of local origin and 
of a hardness not greater than that of the gamma rays of radium or 
thorium, but they reveal thus far no penetrating radiation of cosmic 
origin. If such a radiation exists at all it can at the most produce but 
a small part of the ionization observed in electroscopes on mountain 
peaks. 





658 R. A. MILLIKAN AND R. M. OTIS 


KolhG6rster* in 1923 assumed such a radiation which produced 2 ions 
per cc per sec. at sea level, and had an absorption coefficient a in water 
of 0.25 per meter. Such a radiation would produce at Pikes Peak, where 
the average barometer reading is 17.5 inches, an ionization Jo given by 

4, = g°25%4-3 — 91-08 
Therefore, 
Ip =2X2.95 =5.9 

and of these 5.9 ions 5.15 would have been found inside our lead screen 
4.8 cm thick. Similarly of the 2 ions assumed at sea level to be due to 
the cosmic rays 1.75 would be found inside the lead screen. That is, 
radiation of the assumed characteristics would have caused by itself 
inside our lead screen an increase of 5.15—1.75=3.4 in taking the 
screened electroscope to the top.of Pikes Peak even if none of the large 
increase in radiation shown by the unshielded observations on the Peak 
got through the lead—a supposition well nigh certain to be contrary 
to fact, for gamma rays from ThD would pass through this lead to the 
extent of about one sixth of the value outside. 

The observed increase inside the lead screen and outdoors on the 
peak was, however, but 2.23 ions, that indoors after the storm but 2.13 
and that indoors before the storm 2.9, a mean of 2.4 in place of the 
required minimum value of 3.4. In other words, penetrating cosmic 
rays of such characteristics as were assumed above cannot exist, since 
these rays alone, without the aid of any local radiation such as almost 
certainly exists, would produce on Pikes Peak a 40 percent greater 
increase in ionization inside the lead shield than we found. The net 
result of the Pikes Peak work is, then, to establish quite definitely (1) the 
existence of a considerable increase in soft radiation in ascending from 
Pasadena to the Peak; (2) the non-existence of a radiation of cosmic origin 
of such constants as are supposed above. 

If cosmic rays exist at all they must be less intense at the surface than 
above assumed, or else they must be more penetrating than any one had as 
yet suggested. 


NORMAN BRIDGE LABORATORY OF PuHysIcs, 
CALIFORNIA INSTITUTE OF TECHNOLOGY, 
March 1, 1926. 


8 Kolhérster, Sitz. Ber. D. Preuss. Akad. 34, 366 (1923). 
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VARIATION WITH PRESSURE OF THE RESIDUAL 
IONIZATION IN GASES 


By Wm. W. MERRYMON 


ABSTRACT 


The residual ionization in aged, dry, and dust free air, H2, He, A, Os, No, 
CO,, CH, and C,H, has been measured at pressures from 0 to 180 cm Hg. In 
order to reduce radio active contamination, a glass globe with a sputtered silver 
coating was used as the ionization chamber. An electrometer and compensation 
devices eliminated the effect of fluctuations in the battery and provided a null 
method that kept the guard ring at the same potential as the collecting system, 
thus eliminating leakage. The ionization curves show a more rapid rise in the 
lower pressures which ceases at from 15 to 65 cm Hg, when the alpha-rays caus- 
ing it are absorbed. Above this the curves are straight lines. From these 
portions the increase in ions formed per cc per sec. per atm. has been deter- 
mined. It is least in the case of hydrogen (2.033), and largest in the case of 
argon (18.59). This rate divided by the number of electrons in the molecule is 
approximately constant (0.855). The rather good agreement with Kleeman’s 
beta-ray results might be regarded as an indication that the principal agency 
operative was of a beta-ray character. 


INTRODUCTION 


HE discovery about twenty-five years ago of the spontaneous 


formation of about 8 or 9 ions per cc per secorid continuously in air 
inclosed in sealed containers, called the residual or natural ioniza- 
tion, led to much work of investigation as to its properties—the effects 
of the kind of metal in the ionization chamber,! of the temperature,’ 
as well as the change observed upon shielding by metals, water, etc.* 
These experiments showed conclusively that the observed effect at the 
surface of the earth was a composite one in which rays from radioactive 
substances in the ground, atmosphere, the building, and above all, 
radioactive.contamination in the chamber itself, played a large part. 
McLennan and Murray‘ reduced the number of ions formed to only 
2.6 per cc per sec. by using an ionization chamber made of ice on 
Lake Ontario when frozen over. Certain observations by Hess and 
Kolh6érster in Europe and confirmed by Millikan and Bowen in 
America,’ show an increasing rate of ion formation at high altitudes. 
1 McLennan, Phil. Mag. 14, 760 and 779 (1907); Phys. Rev. 26, 526 (1908). 
? Patterson, Phil. Mag. 6, 231 (1903); Kingdon, Phil. Mag. 32, 400 (1916). 
3 McLennan and Burton, Phil. Mag. 5, 699 (1903); 
Burton, Phys. Rev. 18, 188 (1904); 
Wright, Phil. Mag. 17, 295 (1909). 
* McLennan and Murray, Phil. Mag. 30, 428 (1915). 


5 Wigand, Phys. Zeits. 18, 445-463 (Sept. 15, 1924); Millikan and Bowen, Phys. Rev. 
27, 353 (1926). 
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This suggests a cosmical origin for a radiation of a penetrating power 
some seven times as great as any known radioactive rays. Swann® and 
others have considered theoretically the origin of a very penetrating 
radiation such as this supposed cosmical one, and he has also discussed 
the several results to be expected from such a primary ionizing source. 

Most of the work done has been on air and at atmospheric pressure, 
although since the beginning of interest in the subject some observations 
have been made upon other gases,’ principally hydrogen, carbon 
dioxide, and acetylene. Early observations showed that the rate of ion 
formation increased with the pressure, approximately proportional to it 
above atmospheric pressure. Recently Downey® and Fruth® have 
carried observations up to 75 atmospheres, and have found air, oxygen, 
and carbon dioxide to reach a constant value of ionization at about 
50 atmospheres. Nitrogen, however, did not show this phenomenon 
although samples made by radically different methods were tried. 

The purpose in the present work was to obtain a series of observations 
of the variation of the residual ionization with pressure in as many gases 
of an elementary kind as possible and under identical conditions. It was 
decided to try the use of an ionization chamber of glass with silver 
coating sputtered inside. By this means it was hoped to reduce the 
radio active contamination in the chamber, which is considerable in 
even the best metal vessels, and has been responsible for the distorted or 
discordant results of numerous observers. The nature of the chamber as 
constructed, particularly the stopper, limited the range of pressures 
from 0 to 180 cm of Hg. 


DESCRIPTION OF APPARATUS 


The general form and arrangement of the apparatus was suggested by 
Professor Swann, and is shown in Fig. 1. The parts C and D were used 
only in the auxiliary determination of the capacity-influence coefficient 
required for the computation. The switch K, and the arrows from (5) 
in C to (1) indicate where the connection was made for these observa- 
tions. During the taking of the regular data the small hole in the right- 
hand side of (3) was closed and the collecting system (1) was then 
entirely insulated and shielded. The ionization chamber G was a 5 


6 Swann, Phil. Mag. 47, 306 (1924); Bull. Nat. Research Coun. No. 17, p. 66 (Mar., 
1922). 
7 Jaffe, Phil. Mag. 8, 556 (1904); Ann. der Physik (2) 28, 326 (1909); 
Wilson, Phil. Mag. 17, 216 and 321 (1909); 
McLennan and Trealeaven, Phil. Mag. 30, 415 (1915). 
8 Downey, Phys. Rev. 16, 420 (1920) ; 20, 186 (1922). 
® Fruth, Phys. Rev. 22, 109 (1923); Broxon, Phys. Rev. 27, 542 (1926). 
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liter, Pyrex, balloon flask with the neck cut off and ground down to the 
proportions shown. An auxiliary apparatus was used for sputtering the 
inside of the globe. The coating was quite uniform and of about 1/3 
opacity over the globe, increasing to an opaque coat in the neck where 
electrical contact with the stopper had to be established. The central 
electrode or collecting rod in the globe was of glass and had also been 
sputtered with silver. It was attached by a brass rod inside it and a 
collar, to the stemrod which passed out through the stopper. Contact 
between the silver coatings of globe and rod, with the brass stopper 
and stem, respectively, were made with pieces of tinfoil. The arrange- 
ment of the guard ring in the stopper and of the gas inlet tube () 
were as shown. 








FO 



































NAL: 
+ER, 
































Vs 


ponnaen wna os 


Fig. 1. Diagram of apparatus. 














The upper end of the stem of the collecting rod was enlarged into a 
cylinder that fitted the cap (3) closely. This provided the auxiliary 
capacity for the compensation scheme suggested by Swann” for such 
observations. The disk in the top of (3) could be screwed down to 
adjust this capacity, and the point V» on the high resistance in A was 
varied until V3C;=V2C2. The various capacities then compensate in 
their action and there is no inductive deflection of the needle due to 
fluctuations of the battery in A. The balance was subsequently main- 
tained throughout the work by moving Vp slightly, as required, so 


10 Swann, Phys. Rev. 17, 240 (1921). 
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that the electrometer needle would defiect only a few millimeters upon 
throwing on or off the battery in A. The cap (3) was held by a hard- 
rubber collar (not shown) that fitted on the outside of the guard ring. 

The high resistance in A was made by winding IAIA No. 40 wire 
on paper-wrapped sections of brass tubing 3% by 9 inches long 
(1X23 cm). The total resistance of the 104 tubes used was 101,000 
ohms. The resistance B was a cranking resistance of about 28 ohms 
used with a dry cell. The battery on the needle was a 100-volt silver- 
chloride set, as described by Erikson." The battery in A was a 220- 
volt set of dry cells. Throughout the observations the point Vp» was 
such that V2 was 178 volts, and V3 was about 42 volts. 

The electrometer was an ordinary Dolezalek instrument at a sensi- 
tivity of 1,000 mm per volt on a scale 130 cm distant. The whole of the 
apparatus was mounted on a large brick pier and, except for the part 
A, it was completely insulated from the pier by various plugs of sulfur 
to eliminate leakage between the parts. The insulating material in the 
stopper of the globe was of hard-rubber. 


METHOD OF MAKING MEASUREMENTS 


Usually the positive terminal of A was attached to the globe, and the 
collection of charge by the central system would raise its potential 
with respect to the other quadrant and case. By cranking B the po- 
tential of the case was raised AV, volts and so kept up to that of the 
collecting system, thus providing a null method. It is to be noted that 
by this method the potential of the collecting system and guard ring in 
the stopper were always the same, and hence leakage between them was 
practically eliminated. 

Having brought the system to balance by suitable adjustment of the 
point of contact Vo, the taking of observations consisted in raising key 
K,, bringing the spot of light to the zero point by cranking B, taking 
the starting time and initial reading V4. As the charge collected the spot 
was held on the zero position by cranking B, and every few minutes a 
reading of the time and voltage on V, was made. The readings were 
continued in this way usually from 20 minutes to an hour, depending 
on the gas and pressure. During this interval a number of readings of 
time and V, would be made and the separate rates of leakage calculated. 
The accuracy attained was such that the series of results usually agreed 
among themselves to within a few hundredths of an ion per cc per sec. 

Throughout the making of an observation, 

Vi = Vi=VotAV,. 


1 Erikson, J.0.S.A. and R.S.I. 8, 549 (Apr., 1924). 
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At the start 
Q1 =C11 Vo+Co1( Vot V2) +031( Vot+ Vs) +641 Vo. 
At the close 
Q:+AQ; = Ci( VotA Vs) +¢21( Vot V2) +¢s1( Vot Vs) +¢41( VotA V,). 
Hence, ; 
AQi= (Cuitca)AVa. 
Let g represent the number of pairs of ions formed per cc per second, 
Since 
dQ/dt=const.dV/dt = (¢11+¢4)AV4/t, 
then 
aX GX4.774(10)-#° = (¢41+¢41) (A Va/t) X (1/300). 
where G is the volume of the globe (5350 cc) and ¢ the time in seconds 
since the start. As indicated below, the capacity-influence coefficient 
(C11 +¢€41) = 27.97 e.s.u. 
Therefore, 
g = 3.65(10*) X volts cranked in per second. 

The gases were introduced very slowly into the globe, usually up to 
the limit of pressure, and observations were made. Then the pressure 
was reduced a few centimeters and another observation was made; and 
so on for the series. 


SUBSIDIARY MEASUREMENTS 


It is very necessary in these observations to make sure that satura- 
tion voltages are used, and therefore preliminary observations were 
carried out which showed that a battery of 220 volts, which was used 
throughout the work, gave complete saturation. Trials were made with 
both the positive and negative end of the battery in A connected to the 
globe, and it was found that there was a constant slight difference 
between the two sets of results, the direction dependent upon the sign 
of the potential on the needle. This was due to the quadrant of the 
electrometer acting as an ionization chamber so that when the needle 
was positive and the positive terminal of A was on the coating of the 
globe, the resulting ionization observed was about 0.7 ion larger than 
when the negative terminal was attached to the coating. This was true 
throughout the range of pressures. The needle was kept positive 
throughout the observations here reported, and the coating was positive. 

The cap (3) also acts as an ionization chamber and drives to the 
collecting system ions of sign opposite to those being collected in the 
globe. This together with that from the electrometer quadrants is 
practically constant throughout any one set of readings, depending, of 
course, upon the atmospheric conditions. Of these two, the effect due 
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to the cap is the larger and the two together constituted an extraneous 
current which opposed the charge being collected in the ionization 
chamber. At low pressures this becomes predominant. It is equal to 
the value of the ionization observed at zero pressure. 

To test for this extraneous current, an observation would occasion- 
ally be made with the wire from m to the globe disconnected, and a wire 
from the negative terminal m joined to the coating. The extraneous 
current is one-half the sum of the current obtained by this connection 
and that as normally observed. Repeated observations throughout the 
range of pressures gave a constant result which agreed very closely with 
the current observed at zero pressure. Therefore, for determining the 
absolute values one seems warranted in supposing the curves raised 
until they terminate at zero ions with zero pressure. They have, how- 
ever, been plotted just as observed, according to deflections to right 
or to left. The pressures are in centimeters of Hg and the ordinates 
show the number of pairs of ions formed per cc per second. 

For the determination of the capacity-influence coefficient (¢11+¢41) 
the parts C and D of the apparatus were used. The condenser C was a 
Gerdien variable standard made by Gunther and Taegetmeyer and 
provided with calibration curves for both induction and capacity 
coefficients. When the shield (8) was connected to the electrometer 
case for observations, the influence coefficient cs; was involved. This 
was read from the calibration curve of the instrument for the particular 
setting used. With the shield connected to the outer coating (6) the 
capacity coefficient c;; was employed, and this was likewise scaled off 
from the other calibration curve. Both methods of connection were 
used for several settings of the instrument. The results agreed very 
closely throughout the range of pressures. The observation was made by 
raising K,, then quickly introducing a fraction of a volt AV, and com- 
pensating the resulting deflection of the electrometer by cranking B. 
This method eliminated the effect of contact potential and hence the 
results were not influenced by the direction of the battery in D. The 
ratio of AV, to AV4Xces(or css for the second method) gave (¢11+¢4:). 
The average value was 27.97 e.s. u. 


RESULTS 


The results of the observations are shown in Figs. 2, 3, 4, and 5. 
The gases used were from pressure tanks which had stood for at least one 
month so that the emanation content should have decayed to a neg- 
ligible value. The gases were introduced into the evacuated globe 
through a long P:O; drying tube and a similar tube filled with absor- 
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Fig. 2. Variation with pressure of the residual ionization in argon, carbon dioxide 
and old air. 
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Fig. 3. Variation with pressure of the residual ionization in helium and hydrogen. 














666 W. W. MERRYMON 


bent cotton to remove dust. With these precautions subsequent 
observations were found to agree to within the error of observation, 
about 0.2 ion per.cc per second. In some cases the gases were left in the 
apparatus for weeks to see if they would show any decrease in activity, 
but none was found. Neither was there any increase in activity follow- 
ing their introduction. The observations could be stopped at any point 
and subsequently taken up and carried on again. The curves could be 
repeated, and many of them were taken two or three times. 

The argon of Fig. 2 was held in the tank several months before use. 


The carbon dioxide was from the usual pressure tanks, and was known 
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Fig. 4. Variation with pressure of the residual ionization in oxygen and nitrogen. 


to be at least six months old. The old air was from a pressure tank that 
had been filled with dry, dust-free air five months previous to its use. 
The helium and hydrogen of Fig. 3 were from tanks that had been on 
hand for many months; the same is true for the oxygen and nitrogen of 
Fig. 4. As a check experiment, the helium and hydrogen were run 
through charcoal and spiral tubes immersed in liquid air, but no change 
in the results as compared with the former ones was found. The 
ethylene shown in Fig. 5 was known to be several months old, and the 
methane was at least six weeks old. The air from liquid air was obtained 
by placing some fresh liquid air in a Pyrex stoppered tube with side 
neck to lead off the evaporating air. The lower part of the tube was put 
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down into a flask of liquid air. As some of the air evaporated, it was led 
into the globe through the drying tubes. The results fulfilled the hope 
that air could be gotten at once that would behave like well aged air, 
as far as emanation is concerned, for any present should remain behind 
in the liquid state. . 

The numerical values of the results are given in Table 1. As above, 
q represents the number of pairs of ions formed per cc per second, and in 
column 2 the increase in g per atmosphere increase in pressure is given. In 
column 3 the value of g at atmospheric pressure is tabulated, and to 
facilitate comparisons this is given in column 4 on the basis of that for 
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Fig. 5. Variation with pressure of the residual ionization in ethylene, methan and 
air from liquid air. 


air=100. Columns 4 to 8 incl. are for relative ionization at atmospheric 
pressure. Column 5 contains data from an early paper by C. T. R. 
Wilson” for the residual ionization in different gases. The data of 
column 6 for the natural ionization observed in the laboratory, and of 
column 7 for the ionization produced by alpha-rays are from a paper by 
McLennan and Trealeaven.’? Column 8 contains data from a paper by 
Kleeman" for the relative ionization produced by beta-rays in different 
gases, and in this the values for nitrogen, methane, and ethylene were 


2 Wilson, Proc. Roy. Soc. 69, 280 (1901). 
18 Kleeman, Proc. Roy. Soc. A. 79, 231 (1907). 
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computed from the atomic ionizations as given in his table. This is in 
substantial agreement with similar data in a paper by R. J. Strutt'* as 
well as in the above paper by McLennan and Trealeaven, although the 
data given for alpha-rays by the former authors differ rather pro- 
nouncedly from that of McLennan and Trealeaven, which was written 
a number of years later and has therefore been selected. 


TABLE I 








Relative ionizations, air= (100) 


q for 
air = 
100 


McL. 
and 


eta- 
rays, dq/atm 
Treal. 


Alpha- 
Kleeman electrons 


Wilson rays 





41.0 
26.2 
102.5 


18.4 56.0 16.5 1.016 


1.108 
.868 


98.3 
165.5 
100.0 
116.4 
187.0 
160.6 


As®NWNWNOUNS 


169.0 114.3 








DISCUSSION OF RESULTS 


Effects from radioactive contamination in the walls and floors of a 
laboratory building can scarcely be avoided altogether, but it was 
believed that any such effects in these observations would be constant 
within the range of pressures used, and subsequent observations indi- 
cated that they were, at least within the error of observation. The effect 
of a trace of radioactive contamination within the ionization chamber 
itself would most probably be largely due to alpha-rays, but possibly 
also to beta-rays. The alpha-rays would be absorbed at less than one 
atmosphere in a chamber of the size used. The effect would therefore be 
to produce a current increasing proportionately with the pressure above 
vacuum until the rays completed their paths in the inclosed gas, and 
thereafter, a constant additive factor. The increased curvature in the 
lower parts of the curves is attributed to this cause, as has been done by 
G. Jaffe’ in the case of his curves, and also by Downey.® The slope of the 
curves has been determined from their upper straight portions. 

From a consideration of the curves it appears that in the case of each 
of the gases under residual ionization the increase per atmosphere of ion 
formation is characteristic of the gas in question, and is constant up to 


4 Strutt, Proc. Roy. Soc. A. 72, 209 (1903); 
Marx, Handbuch der Radiologie, Vol. I, p. 37; Vol. II, p. 40. 
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the limit of pressures employed. The attempts of some investigators” 
to relate this phenomenon to the density of the gases were not successful. 
That there is a close connection between the ionization in different gases 
and their electronic configuration has suggested itself. Found and 
Dushman" from their studies with the ionization gauge have felt that 
their observations indicated a quantitative relation between the ioniza- 
tion in different gases under electronic bombardment and the number of 
electrons in the molecule, or “molar number.” There is entered in 
column 9 the increase in the residual ionization per atmosphere divided 
by the number of electrons in the molecule, assuming 14 for air. The 
results, although by no means of close uniformity, are at least suggestive. 
Hydrogen, the noble gases, and the heaviest one, carbon dioxide, depart 
the farthest from the mean, the former being 20 to 30 percent high and 
the latter 24 percent low. 

Found and Dushman observed their results with hydrogen and 
helium to be higher than would be expected on such a basis, but their 
results for argon and carbon dioxide are not abnormal. Kossel'® also 
found that the secondary ray production in hydrogen by electrons of 
1000 volts was abnormally large, and that hydrogen retained this 
peculiarity when in combination. The data in column 9 likewise show 
methane and ethylene to be above the mean, but the differences suggest 
that the chemical bonding may also be a factor. Although the energy 
necessary to knock an electron from various atoms and from different 
parts of the same atom varies greatly, yet as a modifying condition may 
be mentioned Bohr’s conception, ‘‘of the penetration, in the case of the 
less simple atoms, of electrons of highly elliptical orbits into the region 
inside the shells of lower quantum number, giving these penetrating 
electron orbits in some cases a smaller mean potential energy and 
therefore a higher stability, than some of the orbits corresponding to 
smaller quantum numbers.” 

If the ionization produced by the earth’s penetrating radiation is to 
be compared to electronic ionization, it seems probable that it should be 
with that of high speed electrons. It may be of interest, nevertheless, 
to note that Hughes and Klein,!’ Jesse,!* and Compton and Van 
Voorhis!® using electrons of low velocity for producing ionization, do not 


4% Dushman, “High Vacua,”’ p. 121; 
Found and Dushman, Phys. Rev. 23, 734 (1924). 
16 Kossel, Ann. d. Physik 37, 393 (1912). 
17 Hughes and Klein, Phys. Rev. 23, 450 (1924). 
18 Jesse, Phys. Rev. 26, 208 (1925). 
19 Compton and Van Voorhis, Phys. Rev. 26, 452 (1925). 
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find their results to support Dushman’s suggestion as a quantitative 
relation. In Jesse’s results He, A, CO, and Ne would be practically 
together on the basis of the number of electrons in their molecules, but 
Ne was about 60 percent below and CH, and H,: about 45 percent and 
90 percent respectively above the mean of the first four. However, as 
suggested by Compton and Van Voorhis, it may be that the Dushman 
relation is more accurate at higher voltages—as might be expected on 
theoretical grounds and as is indicated by the work of Kossel, who made 
the same suggestion on the basis of his measurements at 1000 volts. 
McCallum and Focken?® found that the increased ionization with 
higher voltages is much larger in neon than in the diatomic gases, 
hydrogen and nitrogen. The effect of higher accelerating potentials in 
increasing the ionization in neon relative to the others is also evident in 
Jesse’s data. 

Downey® and Fruth® found that the variation in the natural ioniza- 
tion of gases with pressure obeys a linear law up to more than 20 
atmospheres, and they give the increase in ionization for air as from 
1.23 to 1.58 ions per cc per sec. per atmosphere increase in pressure. 
The increase per atmosphere for air as observed here is much larger 
than they report. This might be explained as due to a beta-radiation 
within the chamber, or gamma-rays from the walls of the room. How- 
ever, it is about the same proportion of the value at one atmosphere as 
was observed by McLennan and Burton.’ Judging by Fruth’s curves 
for O2 and prepared Ng, his increase for O2 is about 1/10 greater than 
that for Nz, which proportion agrees with the data in column 3 of the 
table. The value of g obtained for air at atmospheric pressure is about 
the same as Downey and Fruth observed, and lies between those for 
O, and Ne. McLennan and Murray‘ observed 7.6 ions with the best 
zinc chamber in buildings entirely free from contamination. The same 
chamber gave only 4.65 ions per cc per sec. on the ice over Lake Ontario. 
This indicates the degree of influence to be expected even in selected 
buildings. 

The experimental curves agree in general with those of C. T. R. 
Wilson” for the spontaneous ionization in several gases. His vessel was 
smaller, and his curves do not all extend even to atmospheric pressure. 
He also noted the decrease in slope of his curves at pressures approach- 
ing one atmosphere, but regarded the significant part of his curves as 
that below this point. 

The fact that the data of column 6 is uniformally lower than that of 
column 4 would suggest that the location in which McLennan and 


20 McCallum and Focken, Phil. Mag. 49, 1318 (1925). 














RESIDUAL IONIZATION IN GASES 671 


Trealeaven made their observations had greater freedom from radio- 
active contamination. It is also true that in the case of both Hz and He 
the presence of small amounts of other gases affect the ionization to a 
relatively greater extent. This might account for the apparently high 
value for. H, in column 4. 

The ionization for beta-rays and gamma-rays is about the same for 
the lighter gases, but for the heavier gases the gamma-ray ionization 
becomes much larger than that for beta-rays, because of secondary 
radiation of the beta and gamma type from the walls of the vessel and 
from the gas. Ionization with alpha-rays, as indicated in column 7 is 
quite different from the others; the ionization in Hz is much greater, and 
in CO2, C2sH, and N.O considerably less, than that for the natural 
ionization or for beta-ray ionization. The somewhat better agreement 
between columns 4 and 8 might be taken as an indication that the 
residual ionization as observed is due chiefly to the effects of a radiation 
of a beta-ray character. It might be objected that comparisons with 
beta-rays should be made not of g but rather dg, since g involves alpha- 
rays. However, the beta-ray data quoted did not give values of dg, and 
furthermore, it seems probable that they also involved alpha-ray con- 
tamination to at least as great an extent as in the case of these observa- 
tions. 

The use of a glass vessel with sputtered coating (aside from the limi- 
tation it may place upon pressure) appears to be an advantage, and it 
would be of interest to employ vessels of different coatings particularly 
ones more resistent to active gases. It would be desirable for the vessel 
to be larger than this one and capable of standing several atmospheres 
pressure. 

In conclusion the writer wishes to acknowledge his indebtedness to 
the members of the Ryerson Faculty, particularly to Professor W. F. G. 
Swann who initiated the work and method, and to Professor A. J. Demp- 
ster for his suggestions and the direction of the research during the last 
year. The observations here reported were made prior to June, 1925. 

RYERSON PuysIcAL LABORATORY, 


UNIVERSITY OF CHICAGO, 
December 30, 1925. 
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NOTE ON THE DECAY OF RaE* 
By L. F. Curtisst 


ABSTRACT 


The decay of the activity of a preparation of RaE shown to be quite free 
from RaD has been observed over a period of 45 days. The half period, deter- 
mined by the method of least squares, for this sample was 5.07 days. This 
value agrees with measurements by Antonoff, Meitner, and Bastings, but it is 
in disagreement with the value of 4.85 days determined by Thaller and recently 
observed by Fournier. It appears that the value given by Thaller, and pre- 
viously accepted, cannot be correct. 


INCE 1912 the value 4.85 days has been accepted for the half period 

of RaE, based on measurements by Thaller.' Recently Bastings?® re- 
determined the half period and found a value considerably higher. The 
mean of measurements on several sources gave 4.98 days. The latter 
determination however has been questioned by Fournier,* who observed 
the activity of three different sources and concluded that the value 
given by Thaller is correct. Obviously it is desirable to know the rate 
of decay of RaE with greater certainty than this disagreement permits. 

In order to investigate this question, I have prepared a source of 
RaE and have observed its activity over a period of several weeks. Of 
course it is important to obtain a source as free as possible from RaD, 
the parent product. The RaE was obtained electrolytically on a plati- 
num electrode from a RaE solution prepared from old radon tubes. + 
Conditions were adjusted so that the RaE should go to the cathode. 
The deposit was tested for RaD by exposing in a beta-ray spectrograph 
with the field properly adjusted to throw the RaDspectrum on the plate. 
A twelve hour exposure gave a very faint trace of the strong RaD 
line whereas an exposure of about three hours with the anode from the 
above electrolysis gave the complete spectrum. The deposit was then 
dissolved from the cathode by dilute HCl and the RaE obtained by 
rotating a nickel disk for about thirty minutes in this solution. Since 
little RaD was present in this solution we might expect the nickel 
disk to be fairly free from it. Measurements of the residual activity of 
the source after fifty days proved this to be the case, as is indicated in 


* Published by permission of the Director of the Bureau of Standards, Department 


of Commerce. 

+ National Research Fellow. 

1R. Thaller, Wien Ber., 121, 1611 (1912). 

2 L. Bastings, Phil. Mag. 48, 1075 (1924). 

* G. Fournier, Comptes Rendus 181, 502 (1925). 

+ I wish to thank Dr. Lind of the Fixed Nitrogen Laboratory for supplying this 
material. 
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the table. The nickel disk was mounted 15 cm below the face of a 
beta-ray electroscope as shown in Fig. 1 at S. It was left in position 
throughout the observations. A shutter B of lead 3 mm thick could be 
introduced in order to determine the natural leak from time to time. 
The foil F, in the lower face of the electroscope, was of aluminum 0.060 
mm in thickness. Careful observations of temperature and of barome- 
tric pressure made it possible to reduce all readings to standard condi- 
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Fig. 1. Beta-ray electroscope. 


tions. Table 1 gives the readings obtained, corrected for natural leak, 
temperature and pressure. It will be seen that at the end of 45 days the 
activity had become practically zero, indicating that very little RaD 
is present. 
TABLE I 
Decay of activity of RaE 
Hours I Loge I Hours I Loge I Hours 


I 
0.0 42.5 3.749 126.3 20.1 3.000 264.0 9.4 
20.0 37.1 3.617 139.8 19.0 2.939 288.9 8.1 
22.4 36.8 3.605 165.5 16.5 2.803 314.5 6.5 1.872 
42.8 33.2 3.502 187.0 14.8 2.694 345.25 6.0 
70.0 28.6 3.353 213.6 12.4 2.517 1080. 0.0 
91.8 24.7 3.206 244.0 10.4 2.5801 —— c.cccee ia | mae 


The results are shown graphically in Fig. 2 where the logarithm of the 
observed activity has been plotted against the time. The slope has 
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been determined by the method of least squares. This calculation gives 
a half period of 5.07 days. The values obtained by Bastings for different 
sources were as follows: 5.04, 4.96, 5:02, 5.02, 4.98, 4.97, 4.96. It is 
evident that my observation agrees fairly well with his measurements 
and cannot be reconciled with Thaller’s determination, or with that by 
Fournier. It may be well to recall that for various preparations Thaller 
obtained half periods ranging from 4.6 to 5.0 days and that presumably 
the accuracy of his measurements was not very high. The value 5.0 days 
has also been observed by Antonofft as well as by Meitner.5 The 





4.00 | 


PHL 





3.50} — | te 

















2.50 } _ 






































20 40 60 80 100 120 140 160 180 200 220 240 260 280 500 
Hours 





2.00! 














Fig. 2. Curve showing variation of the logarithm of the activity with the time. 


evidence thus far seems to favor a half period much nearer five days 
than that heretofore accepted. The value given by Bastings may rather 
be too low than, as Fournier states, too high. 

Of course the writer is aware that the value reported here may well 
be too high. However it is difficult to see how, in view of the precautions 
taken and the consistency of the observations, it can be in error by more 
than 1 percent. Even granting that the error may be as great as this, 
there is still no possibility of agreement with Thaller’s value. Further 
work is in progress. 

BUREAU OF STANDARDS, 


WaAsHINGTON, D. C. 
February 15, 1926. 


* Antonoff, Phil. Mag. 19, 825 (1910). 
5 L. Meitner, Phys. Zeits. 12, 1094 (1911). 
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THE RATIO OF THE MODIFIED TO THE TOTAL 
SCATTERING COEFFICIENT OF X-RAYS 


By O. K. De Fore 


ABSTRACT 


Use has been made of the fact that the modified portion of scattered x-rays 
has not only a greater wave-length but also a greater absorption coefficient than 
the primary x-rays in order to separate the modified and unmodified portions of 
a scattered x-ray beam. The method involves the change in the intensity of 
scattered x-rays when a given thickness of aluminum is transferred from the 
primary to the scattered beam. Using a balance method, measurements of 
the ratio of the modified to the total scattering coefficient have been made for 
x-rays of wave-lengths 0.27A to 0.58A scattered from carbon, aluminum and 
copper at angles varying from 60° to 130°. Comparison with theory. Jauncey’s 
theory predicts that the ratio should become unity when vers ¢ =242Ao7/A, (As 
and Aobeing measured in Angstroms). Forcarbon at 60° and 90° the experimental 
ratio becomes unity at wave-lengths of 0.32A and 0.46A respectively: The 
theory gives 0.31A and 0.44A respectively. A calculation of the modified 
scattering coefficient for copper at 90° for \=0.4A gives 0.7150 (where So is 
the Thomson coefficient at 90°), while the theory gives 0.7459. Thus as far as 
they go the experiments are in agreement with the theory. 


1. INTRODUCTION 


H. COMPTON! has shown theoretically that x-rays scattered at 
*an angle should be changed in wave-length by an amount given 

by the formula 
ho—Ao=h/mce vers d = .024 vers o (1) 


This value is derived on the ssumption that the electrons which do the 
scattering are free and at rest. Experiments by Compton,’ Ross,* and 
others confirm this result but show also unmodified scattering which 
the theory does not predict. The existence of the unmodified line 
necessitates the definition of two scattering coefficients, one for the 
modified and the other for the unmodified portion. Previous deter- 
minations of the scattering coefficients give approximately the sum 
of these two coefficients. Throughout this article we shall denote 
by o; and a the spherical linear scattering coefficient for the unmodi- 
fied and modified x-rays respectively ; while s; and s2 will be used to 
denote the linear scattering coefficient per unit solid angle in the 
direction @ with respect to the forward direction of the primary rays 
1A. H. Compton, Phys. Rev. 21, 483 (1923). 


2 A. H. Compton, Phys. Rev. 22, 408 (1923). 
3 P. A. Ross, Proc. Nat. Acad. Sci. 9, 246 (1923); 10, 304 (1924). 
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for the unmodified and modified x-rays respectively. If the primary 
x-rays are unpolarized the quantities a, and s; are connected by the 


relation 
anf 2rs; sin @ dd (2) 


0 
while a similar relation exists between 2 and S$». 

Jauncey*® has proposed a theory which explains not only the 
presence of the unmodified line but also the width of the modified 
line. This theory takes into account both the motion and the binding 
energy of a scattering electron in its orbit and it gives a formula for 
the fraction of the total number of electrons which are in orbital 
positions such as to scatter modified x-rays in a direction ¢. If we 
denote this fraction by p(@) and use a subscript to denote the orbit 
which is occupied by the electrons considered, (for example px(@) 
denotes the fraction of K electrons which are in a position to scatter 
modified x-rays in the direction ¢@ then px(@) is approximately given by 


ao vers 6+2+/ 2a, sind¢—do/drz 
px(¢)=— ~ (3) 
4V 2a, sin $¢ 





where a,=h/mcd,, ao=h/mcdo, A, denotes the K critical absorption 
wave-length of the scattering substance, A» the wave-length of the in- 
cident radiation and ¢ the direction of scattering. The values of p1(¢), 
pau(¢), etc., are obtained by means of similar formulas, when the orbits 
are circular and by more complicated formulas in the case of elliptic 
orbits.5:’ »(@) is now obtained as a weighted mean of the values for 
the various orbits. Jauncey and DeFoe® have shown that the theoretical 
value of s2 is given by 


_ Kp(¢){1+ cos*+2a0(1+a0) verso} 
2(1+ a vers ¢)5 





(4) 


Se 


where K is given by 
K=(NZp/W) (e4/mic*) . (5) 


In Eq. (5) N denotes Avogadro’s number, Z the number of electrons 
per molecule, p the density, W the molecular weight of the scattering 
substance, e the electronic charge, m the mass of an electron, and c 


*G. E. M. Jauncey, Phys. Rev. 25, 314 (1925). 
5G. E. M. Jauncey, Phys. Rev. 25, 723 (1925). 
6 Jauncey and De Foe, Phil. Mag. 1, 711 (1926). 
7G. E. M. Jauncey, Phys. Rev. 27, 687 (1926). 
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the velocity of light in vacuo. Jauncey and DeFoe‘ have pointed out 
that although s2 should be given by Eq. (4) yet it is not a necessary 
result of the theory that s, should be given by replacing the factor 
p(¢) in the right side of Eq. (4) by { 1—p(¢)}. This could only be done 
if the probability of an electron’s scattering in the direction @ were the 
same irrespective of whether the electron was in a position to scatter 
modified or unmodified rays. If the ratio s;/s, can be measured ex- 
perimentally, then Jauncey’ has shown that the ratio of the probability 
Py that an electron will scatter in a direction @ when in a position to 
scatter unmodified rays to the probability Py that it will scatter modi- 
fied rays is given by 


Pu/ Pu = (s1/s2) (p(¢)/ { 1— p(¢) } (6) 


The experiments of Barkla and Ayers,* Hewlett,? and Jauncey and 
May’® show that there is scattering considerably in excess of the 
Thomson" value at ¢=30° in the case of scattering by light elements. 
On Jauncey’s theory however it is at 30° that the fraction {1—p(¢) } 
becomes considerable and therefore a considerable portion of the 
scattered rays are unmodified. Further, Barkla and Dunlop” find con- 
siderable excess scattering from heavy e’ements such as copper even 
when ¢=90°. Here again the fraction {1—p(¢)} becomes large when 
¢@=90° when x-rays are scattered by copper. Again Hewlett® and 
Jauncey and May’® find that when x-rays are scattered by light ele- 
ments the scattering goes to zero at about ¢=5°. At this angle p(¢) 
vanishes. It seems then that excess scattering and also the zero scat- 
tering at small angles is a property of the unmodified scattering and 
not of the modified scattering. It is therefore evident that it is im- 
portant to measure s, and sz experimentally, so that we may test the 
theoretical formula, Eq. (4), and also so that we may obtain s; as an 
empirical function of @. As a preliminary attack on this problem the 
experimental values of s2/(s;-+s2) have been determined for different 
scattering substances, different wave-lengths and for different angles 
of scattering. 


2. THEORY OF THE EXPERIMENTAL METHOD 


The experimental value of the scattering coefficient ¢.., determined 
by previous observers has always been approximately the sum of the 


8 Barkla and Ayres, Phil. Mag. 21, 275 (1912). 

°C. W. Hewlett, Phys. Rev. 20, 688 (1922). 

10 Jauncey and May, Phys. Rev. 23, 128 (1924). 

11 J. J. Thomson, Conduction of Electricity through Gases 2nd Ed., p. 325. 
2 Barkla and Dunlop, Phil. Mag. 31, 222 (1916). 
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two scattering coefficients ¢, and gz. In the determination of @y2p 
there is a slight error introduced by assuming the same absorption 
coefficient for the scattered as for the primary radiation, whereas in 
fact there is a slight increase in the absorption coefficient as shown 
experimentally by Sadler and Mesham." This error is small but al- 
ways tends to make g,,, less than the true value. The softening is of 
course due to the change in wave-length of the modified portton of the 
scattered x-rays. This suggests that, since we know the change of 
wave-length on scattering and therefore also the change in absorption 
coefficient of the modified x-rays on scattering, we can separate s; 
and Ss at a given value of ¢ by transferring a certain thickness of ab- 
sorbing material from a position P in the primary beam to a position 
Q in the scattered beam and observing either the intensity of the scat- 
tered x-rays if the intensity of the primary x-rays is kept constant or 
the change in the intensity of the primary rays necessary to keep the 
intensity of the scattered x-rays constant. In the present experiment 
the second alternative was used. Jauncey and DeFoe*™ have given 
formulas for determining the ratio s2/(si+s2) for two cases. First, 
for the case in which the scattering block is placed in a position such 
that a normal to its face makes an angle 6=¢/2 with the forward di- 
rection of the primary beam, ¢@ being the scattering angle, we have 


y—-1 
(y—1)+ [(1—e7*)/ge-* Je“ 4+ (1 — ye*4) 





$2/(si tse) = (7) 


Second, for the case in which the scattering block is set in such a 
position that the plane of its face bisects the scattering angle ¢, we 
have 


y—-1 
° 1 ha 
52/ (si +52) (y—1) + Be-*4 (1 — ye-#2) 7 





In the above equations the symbols used are defined as follows: 
y=I,/I, where J, and J, are the intensities of the primary x-rays 
before and after the transfer of a thickness d of absorbing material 
from P to Q, the values of J; and J, being such that the intensity of 
the scattered rays is the same after the transfer as before; d: is the 
thickness of absorbing material at Q; which is not transferred (e. g. 
the thickness of the aluminum window of the ionization chamber) ; 
k=(u2—pm) ; b= (us—ps)R+2; g=(us—ms)t sec 3, where ¢ is the thick- 
ness of the scattering block and ¢ is the angle of scattering; B= 


18 Sadler and Mesham, Phil. Mag. 24, 138 (1912). 
4 Jauncey and DeFoe, Proc. Nat. Acad. Sci. 11, 517 (1925). 
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e~*8/{1+(us—ps)/2us} ; h=(us—wus); R is the distance from scatter- 
ing block to ionization chamber window ; 4; is the absorption coefficient 
of primary x-rays in absorbing material ; 42 is the absorption coefficient 
of modified x-rays in absorbing material ; 43 is the absorption coefficient 
of primary x-rays in scattering material ; us is the absorption coefficient 
of modified x-rays in scattering material ; u; is the absorption coefficient 
of primary x-rays in air; and ps is the absorption coefficient of modified 
X-rays in air. 

The change in absorption coefficient k = (u2—1) may be determined, 
either by plotting the experimental value of uw for the particular ab- 
sorbing substance used against \ and reading from the curve the two 
values of u corresponding to Ag and Ao, or by making use of the relation 


u/p= const X\*+ ¢/p (9) 


In the present experiments aluminum was used for the absorbing 
material which was transferred from P to Q and Hewlett” gives the 
constant for aluminum in Eq. (9) as 12.4. If Eq. (9) is differentiated 
with respect to A we obtain 6(u/p). Since o/p varies slowly with the 
the wave-length we can treat it as a constant. We then have for 
aluminum 


(u2—p) =100.6dc?(Ag—Ao), (10) 
(Ag—Ao) being given by Eq. (1). 


3. EXPERIMENTAL ARRANGEMENT AND PROCEDURE 


The equations giving the ratio s2/(s:+52) suggest the use of a balance 
method. The experimental arrangement is shown in Figs. 1 and 2. 
Two primary beams 1 and 2 which are in the same vertical plane are 
taken from the x-ray tube R which was placed at an angle of ap- 
proximately 45° with the plane containing the two beams so as to 
eliminate any effect due to polarization in the primary rays. These 
were passed through the two slits C and D. C was about one square 
centimeter in area and its size was fixed. D could be varied from zero 
to about two square centimeters in area. The area of D was measured 
to .01 mm? by means of a micrometer screw. Absorbing material was 
placed at P; and Pz. Aluminum was used for absorbing material be- 
cause the fluorescent radiation of aluminum does not interfere and 
because aluminum can be obtained commercially in a much higher 
state of purity than any other suitablé substance. The scattered beams 
1’ and 2’ from AB after passing through the absorbing material at 
Q, and Q2 entered separate ionization chambers. These ionization 


1% C, W. Hewlett, Phys. Rev. 17, 284 (1921). 
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chambers were connected by a glass tube and methyl iodide introduced 
by means of evaporation from a reservoir. This kept the concentration 
of methyl iodide vapor the same in the two chambers. The outer 
electrodes of the two ionization chambers were respectively connected 
to the opposite poles of a battery giving 180 volts, the middle point 
of the battery being grounded. The inner electrodes of the chambers 
were connected to each other and to a Compton electrometer. If the 
intensities of the scattered rays entering the two chambers is the same 
the electrometer shows no deflection. In these experiments the same 
thickness of aluminum was first placed at P; and P: also the thickness 
at Q; was the same as at Qe. A balance was then obtained by varying 
the slit C by means of the micrometer screw and the reading of the 





























Fig. 1. Diagram of apparatus showing scattering block in the position 
of Method I, Eq. (7). 


micrometer recorded. Second, a certain thickness of aluminum d 
was then transferred from P; to Q;. In order to restore the balance it 
was then necessary to open the slit C by a definite amount. After the 
balance had been restored, the micrometer was again read. These 
two readings were taken as proportional to the intensities J; and I¢ 
in Eqs. (7) and (8). It remained necessary to find the wave-length 
of the x-rays used. This was done by opening the slit C to double its 
value when the amount of aluminum at P; and P: was equal, (the 
aluminum which was transferred from P; to Q; was replaced prior to 
this determination) then sufficient additional aluminum was placed 
at P, to restore a balance. From this added thickness, the average 
wave-length of the primary beam was calculated. 

The electrometer used in determining the balance had a sensitiv- 
ity of about 3000 to 5000 scale divisions per volt. All wires leading 
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to the electrometer were insulated by means of quartz and were placed 
inside grounded conductors. In this way it was possible to avoid 
insulation leaks and electrostatic fluctuations. A further precaution 
was taken to avoid any steady change in conditions which might occur 
during a set of observations by taking readings in groups of five. 
For example, let J; denote the micrometer reading when the aluminum 
was at P; and I, the reading at Q,, then consider a group of five read- 
ings, say three of J; and two of Js, in which case the first, third and fifth 
were of J; and the second and fourth of J; or vice versa. The average 
values of J; and J, were then determined and a value for y=IJ2/J, 
calculated. Three such groups of readings were made for each angle 
in the case of any given wave-length and substance. The values of y 
so obtained were then averaged and the ratio calculated from this 
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Fig. 2. Diagram of apparatus showing scattering block in ‘the position 
of Method II, Eq. (8). 


average value. Even with these precautions the error in some cases is 
probably as much as ten percent. The carbon block used was .5 cm 
thick and was placed in the position of Method I, Eq. (7), Fig. 1. For 
aluminum the position was the same but the thickness was reduced 
to .166 cm. In the case of copper the block was placed in the position 
of Methcd II, Eq. (8), Fig. 2, and was thick enough to absorb all the 
x-rays. The distance R of the block from the ionization chamber 
window was always 13 cm. 

It should be mentioned that in the case of carbon it was necessary 
for the aluminum window of the ionization chamber to have a thick- 
ness of .045 cm in order to remove the characteristic rays of iron from 
the scattered beam. These characteristic rays were due to impurities 
in the carbon block. Calculations showed that a small percentage of 
iron as an impurity would entirely vitiate the results unless the window 
used was sufficiently thick to absorb all the characteristic radiation 
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of iron. The thickness used was known to be sufficient since it was the 
same as that used for copper, and previous tests had shown that this 
thickness was sufficient to reduce the characteristic radiation of copper 
to a negligible amount. 


4. RESULTS AND DISCUSSION 


The experimental results for carbon, aluminum and copper are 
shown in Tables I, II, and III. 


TABLE I 
Carbon 











.047 .332 .045 . .977 
-052 .322 .045 , -958 
.052 .332 .045 : .920 
.022 .083 -045 ‘ .877 
-087 -332 .045 : -00 
.192 .332 .045 = -980 
.198 .332 -045 . .96 
.109 -332 .045 ; 00 
.209 332 .045 d .00 
mye .322 .045 E 00 
.157 .332 -045 ‘ -00 
-1%3 .322 -045 - .00 
.290 .332 -045 : .00 


1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 


130 








In these tables ¢@ is the angle of scattering, \ the wave-length in 
angstroms, y the ratio I2/J,, d the thickness of the aluminum trans- 
ferred. It is to be noted that the ratio s2/(si:+52) is always less than 


TABLE II 
Aluminum 








d dy Ss b(¢) Pu/Pu 
SitS2 





.047 -332 -045 .67 .950 

-065 .332 -045 .625 .939 

.033 .083 -045 .537 .910 

.079 .332 .045 .814 .965 

.112 .332 .045 . 783 -952 

-051 .083 -045 .760 -920 

. 100 KY -045 -926 .974 

Se .134 .322 .045 -895 .964 

130 ‘ .180 332 .045 -865 .953 


WwW WUWOWOOo 
NEKOOARUON 








p(¢) except where each is equal to unity. This means that the prob- 
ability Pv of an electron’s scattering unmodified rays in a direction ¢ 
is always greater than the probability Py of an electron’s scattering 
modified rays. In the last columns of the tables are shown the ratio 
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of these two probabilities. There are several blanks in the last column 
where the value of Py/P sy is indeterminate. It might be mentioned 
that Woo" also finds s2/(si+52) to be less than p(¢) for MoKa x-rays 
scattered from various elements. 


TABLE III 
Copper 








rN y d b(¢) 





an 
mY 
.36 
27 
eS 
.36 
41 
.27 
.345 
130 48 


.035 .332 .045 ‘ -90 

.049 .332 .045 i .79 

.059 .332 .045 ; .67 

.050 .332 -045 : .923 
.071 .332 -045 ‘ .901 
.083 me KY .045 ‘ .884 
.096 .332 .045 ‘ .849 
.093 .332 -045 ‘ .948 
.144 -332 -045 ‘ .916 
.061 083 045 ‘ .867 


ss Ss 
eee Www nu 
im RWAWNNH WN 








Jauncey’ has shown that the unmodified scattering should disap- 
pear at an angle and a wave-length such that p(@) becomes unity. This 
occurs at a value of @ given by 


vers = (3+2/2) (do?/d.) (mc/h) (11) 


—<=I—p) 


0.5 0.6 0.7 0.8 
Wave-length (Angstroms) 


Fig. 3. Scattering from carbon at 60°. 


A test of this formula has been made for scattering by carbon. The 
experimental values of s2/(si+52) are plotted against \ for the angles 


1% Y, H, Woo, Phys. Rev. 27, 119 (1926). 
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60° and 90° and are shown as the full curves in Figs. 3 and 4 respect- 
ively. It is seen that se/(si+s2) becomes unity at wave-lengths of 
0.32A and 0.46A for angles of 60° and 90° respectively. For carbon 
the K absorption limit is 47A and solving Eq. (11) at values of ¢=60° 
and 90° we obtain A» =.31A and .44A respectively. These agree very 
well with the experimental values. In the case of carbon at ¢=110° 
the solution of Eq. (11) for Ao is 0.51A. As all the wave-lengths ex- 
amined were’ less than 0.51A the ratio s2/(si+5S2) is approximately 
100 percent. It will be noted that experimental values of s2/(si+S2) 
are shown in Figs. 3, 4 and 5 forA=0.71A. These values are taken 
from results obtained by Woo” for the scattering of MoK x-rays by 


4 


0.4 0.5 0.6 0.7 0.8 
Wave-length (Angstroms) 


Fig. 4. Scattering from carbon at 90°. 


carbon. It is seen that Woo’s values fall upon the extrapolated portion 
of the curve as determined by the writer. The writer’s values are there- 
fore consistent with those of Woo. The broken curves in Figs. 3 and 4 
are the graphs of (¢) against A for 60° and 90° respectively. It is seen 
that the curves for se/(si;+52) fall below the curves for p(@) except 
where each becomes unity. 

The smooth curves of Figs. 5 and 6 are the graphs of se/(si+se) 
against \ for aluminum and copper at ¢=90°. These curves aré not 
extrapolated to cut the 100 percent line because the amount of the 
extrapolation would be so large that the results would be of little 
value. We may however use the results for copper to test the truth 
of Eq. (4). The experimental value of (si:+s2) has been determined 
for copper at 90° and a wave-length of .4A. Interpolating the results 
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of Barkla and Dunlop” we find the value of (s;+52) to be 1.405 
where s) is the Thomson value at 90°. A similar determination by 
DeFoe and Jauncey™ gives (s;+52) =1.24s9. The mean of these values 


0.8 


0.6 0.7 
Wave-length (Angstroms) 


Fig. 5. Scattering from aluminum at 90°. 


is 1.3259. The experimental value of s2/(si+s2) for \=0.4A at 6=90° 
is from Fig. 6 found to be 0.54. Hence se=0.54 1.3259 =0.7155. 


i 


0.3 0.4 0.5 0.6 
Wave-length (Angstroms) 


Fig. 6. Scattering from copper at 90°. 


When unmodified rays are present the theoretical value of sz is given 
by Eq. (4). In the present case p(¢) has the numerical value of 0.85. 
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The value of the remainder of the right side of Eq. (4) is 0.87s9 for 
\=0.4A. Hence se=0.74s9 which agrees well with the experimental 
value 0.7159. The use of s; is of course the difference between (s1+52) 
and Sz is therefore 0.5859. It is unfortunate that more values of (s;+52) 
are not available for various scattering substances, wave-lengths and 
angles of scattering for then we could arrive at a relation between 
$1, \ and @¢. 

On examining the values of the ratio of Py/Px as given in the last 
columns of Tables I, II and III, we note a general tendency for the ratio 
for a given wave-length to become less as the angle increases. In fact in 
the case of copper the ratio seems to approach unity at an angle of about 
130°. The results for carbon and aluminum are not quite so definite, but 
it must be remembered that the ratios, s2/(s1+52), as given in the sixth 
column are not so accurate as could be desired and it might well be that 
the values of Pvy/Ps even for carbon and aluminum approach unity 
for large angles. This approach to unity implies that the unmodified 
scattering per electron in a direction @ approaches the modified scatter- 
ing per electron when @ becomes large. 

The experimental results so far as they go support Jauncey’s theory 
of the unmodified line in that the unmodified scattering disappears for 


a given angle at the wave-length demanded by the theory and also in 
that the experimental value of the modified scattering coefficient at 
90° for copper is in agreement with the theoretical value. 

In conclusion, the writer wishes to express his thanks to Professor 
G. E. M. Jauncey who suggested this problem, for his aid an interest 
in the carrying out of this research. 


WASHINGTON UNIVERSITY, 
St. Louis, Mo. 
March 2, 1926. 
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NOTE ON THE QUANTUM THEORY OF THE UNMODIFIED 
LINE IN THE COMPTON EFFECT 


By G. E. M. JAUNCEY 


ABSTRACT 


Disappearance of the unmodified line.—According to the theory developed in 
two previous papers (Phys. Rev. 25, 314 and 723) it is shown that the un- 
modified line should disappear at a scattering angle ¢ given by vers ¢= 
(3-+24/2)(Ac?/As)(mc/h) where Xo is the wave-length of the primary x-rays 
and 2, the K critical absorption wave-length of the scattering substance. 
This formula shows that there is an unmodified line for all values of ¢ when 
Mo Ka rays are scattered by carbon and heavier elements, but when scattered 
by boron and lithium this line should disappear at 147° and 60° respectively. 
Ratio of the energies in the modified and unmodified lines.—The theory of the 
previous papers gives the ratio of the number of electrons in orbital positions U 
such as to scatter unmodified rays in a direction ¢ to the number of electrons 
in orbital positions M such as to scatter modified rays. A formula for the ratio 
of the probability of an electron scattering when in the U position to that when 
in the M position is given together with a simpler method for calculating the . 
number of electrons in the M position to the number in the Uand M positions 
for elliptic orbits. 


1. DISAPPEARANCE OF THE UNMODIFIED LINE 


N two previous papers,!? the writer has explained the’ ‘ex- 

istence of the unmodified line in the Compton effect by showing 
that there is a certain range of positions of the scattering electron of 
a given type (K, L, etc.) in its Bohr orbit from which the electron 
cannot be ejected from the atom by the scattering process when x-rays 
are scattered at an angle @ with the direction of the primary rays. 
For convenience, we shall speak of an electron which is in an orbital 
position such that it cannot be ejected by the scattering process as 
being in the U position and of an electron which is in a position such 
that it can be ejécted as being in the M position. Jauncey’s theory 
requires that for scattering in a direction ¢ by a given type of electrons 
the ratio of the number Ny of electrons in the M position to the total 
number (Ny+N~wm) of electrons in the U and N positions is approxi- 
mately given by 


Nu ao vers 6+2+/ 2a, sind¢—do/r. 
Nut+Nu 4V 2a, sin $¢ 





(1) 


1G. E. M. Jauncey, Phys. Rev. 25, 314 (1925). 
2G. E. M. Jauncey, Phys. Rev. 25, 723 (1925). 
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where Xo is the wave-length of the primary x-rays, \, is the critical 
absorption wave-'ength for the particular type of electrons under 
consideration, a9 =h/mcX\) and a,=h/mcd,. Eq. (1) is true for those 
types of electrons which move in circular orbits, while a more com- 
plicated formula? exists for electrons which move in elliptic orbits. 

The ratio Nw/(Nvu+Nwm) is to be taken as zero when the right side 
of Eq. (1) is negative and as unity when the right side is greater than 
unity. For values of the right side between zero and unity, the ratio 
increases as @ increases and as \, decreases. The ratio is therefore 
least for the K electrons. Hence when the ratio becomes unity for the 
K electrons, it will be unity for all the other electrons, and we shall 
have no unmodified line. Therefore, equating the right side of Eq. (1) 
to unity and solving for ¢, we obtain the value of ¢ for which the un- 
modified line in the Compton effect should disappear. This value 
of ¢ is given by ° . 


vers $= (3+2/2) (Ao?/ds) (mc/h) (2) 


If Ao and A, are measured in angstroms, Eq. (2) may be written 
vers ¢6=242(A,?/A,). For the scattering of MoKa x-rays by the K 
electrons of carbon we have \y»=0.71A and A,=47A, so that the right 


side of Eq. (2) is greater than 2 and there is no real solution for @. 
A similar result holds for the scattering of MoK® x-rays by carbon. 
Hence there is an unmodified line for all values of ¢ when MoKa and 
MoK§ x-rays are scattered by carbon and elements of higher atomic 
number than carbon. However, for the K electrons of boron we have 
\, = 66A and there is now a real solution for ¢. For scattering by boron 
the unmodified line should disappear at ¢ = 147°, while the unmodified 
KB line should disappear at ¢=117°. 

Jauncey, Boyd and Nipper® have tested this experimentally by 
scattering MoK x-rays by boron at about 145° to 150°, the scattered 
spectrum being examined photographically by means of a Sieman- 
Ross x-ray spectrometer. The photograph showed the modified Ka 
and KG lines plainly but the unmodified lines were not apparent although 
in a comparison experiment where carbon was the scattering substance 
the unmodified lines were evident. As further experimental evidence 
Allison and Duane‘ and Woo! have scattered MoK x-rays from lithium 
at angles greater than 60° and find either very little or no evidence of 
the unmodified lines. For the K electrons of lithium \, = 240A, so that 


* Jauncey, Boyd and Nipper, Phys. Rev. 27, 103 (1926). 
4 Allison and Duane, Phys. Rev. 26, 300 (1925). 
5 Y. H. Woo, Phys. Rev. 27, 119 (1926). 
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the unmodified MoKa and K@ lines should disappear at 60° and 53° 
respectively. It might be mentioned that the existence of the un- 
modified MoKa line might have been explained on the following as- 
sumptions: (1) the electrons are at rest in the atom, (2) the energy 
given to the electron by the scattering process is that given to a free 
electron, and (3) there is an unmodified line unless this energy is greater 
than the binding energy of the electrons. These assumptions give the 
condition vers @=(A;o?/A,)(mc/h) for the disappearance of the un- 
modified line, which in the case of carbon should be at 75°. Experi- 
mentally, however, the unmodified MoKa line does not disappear at 
any angle when the x-rays are scattered from carbon. We are therefore 
left with the theory of the unmodified line as developed by Jauncey' 
as being the only available explanation. 


2. RATIO OF THE ENERGIES IN THE MODIFIED AND 
UNMODIFIED LINES 


Jauncey and DeFoe*® have shown that the assumption that the 
chance Py that an electron will scatter in the direction @ when in the 
U position is equal to the chance Py that an electron will scatter when 
in the M position is not necessary to Jauncey’s theory of the unmodified 
line. Experiments show that Py is greater than Py and we are able to 
calculate the ratio Py/Py from experimental data. Eq. (1) gives the 
ratio Nu/(Nv+Nx) for a given type (K, L etc.) of scattering electrons 
so long as these electrons are moving in circular orbits. If, however, 
the electrons are moving in elliptic orbits the method of calculation 
is as follows: Referring to Fig. 1 the curves ABCD and DEFG are 
taken from Fig. 3 in Jauncey’s paper.? The curve ABCD is for circular 
orbits while the curve DEFG is representative of the curves for el- 
liptic orbits. If the line AD is divided at L in the ratio LD/AD such 
that this ratio is given by the right side of Eq. (1) and the line LM 
is drawn perpendicular to AD then the ratio Ny/(Nv+Nwm) for the 
particular type of electrons under consideration is given by the ratio 
of the area LMFGK to the area HDEFGK. The weighted mean of the 
ratios Nw/(Nv+Nwm) for the various types of electrons is represented 
by ~(@). If now s; and se represent the unmodified and modified 
scattering coefficients per unit solid angle in the direction ¢, then the 
ratio s2/s; can be found experimentally by the methods of Woo® and 
DeFoe.’ We then have 


Pu/Pu=(si/se) - p(¢)/{1—p(9)} (3) 


6 Jauncey and DeFoe, Phil. Mag. 1, 711 (1926). 
70. K. DeFoe, Phys. Rev. 27, 675 (1926). 
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Woo in a recent paper’ finds the ratio s2/s; by obtaining the spectrum 
of scattered MoKa x-rays and comparing the areas under the modified 
and unmodified humps in his curves. Woo finds s2/s; for carbon at 
90° to be 1.45. However Woo compares this with a value 1.74 for the 
ratio of the ‘intensities’ calculated on theoretical grounds in a paper 
by the writer.2- In this paper? the writer distinguishes between ‘in- 
tensity’ and energy.’ In the sense in which the writer has used the 
words, Woo has measured the ratio of the ‘energies.’ The writer has 
used the word ‘intensity’ to denote the height of the ordinate of the 
most intense part of the modified or unmodified hump and not the 
area under the hump; while the word ‘energy’ implies the area. Ac- 
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Fig. 1. Curves for obtaining the ratio Ny/(Nu+Ny) for elliptic orbits. 


cording to the argument of the paper? the ratio of the ‘energies’ for 
MoKa x-rays scattered at 90° by carbon is 10.9 and by sulfur is 4.2. 
These values, however, are based on the assumption that Py=Py. 
As 5S2/s; is quite evidently smaller than the ratio of the ‘energies,’ 
we see ‘that Py is greater than Py and from Eq. (3) the ratio Py/Ps 
for MoKa x-rays scattered by carbon at 90° is 10.9/1.45=7.5. Thus 
we see that scattering is about 7.5 times as probable when the electron 
is in the U position as in the M position. It should be remarked that 
Eq. (3) gives only the mean value of Pu/Py. It might well be that 
this ratio has different values for the different orbits. 


WASHINGTON UNIVERSITY, 
St. Louis, Mo. 
March 3, 1926. 
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THE REFRACTION OF X-RAYS IN PRISMS 
OF VARIOUS MATERIALS 


By C. M. Stack 


ABSTRACT 


The method consisted in the use of the ‘“‘double x-ray spectrometer” for 
measuring the extremely small changes in angle produced by refraction in 
prisms, which were placed between two crystals. The rocking curves from the 
second crystal were from 6 to 10 seconds of arc wide at half maximum and, 
under favorable temperature conditions, a shift of .2 seconds could be detected. 
Two different wave-lengths of x-rays and prisms of various materials were used. 
The values of 610°, where 6=1—u, are as follows: 


d silver copper sulfur aluminum carbon celluloid paraffin 
7078A 5.85+.3 5.95+.5 1,394.05 1.68+ .07 1.234.15 .980+.03 .701+.03 
1.537 A 8.40+.2 4.78 +.1 3.28 +.15 


These results agree with the Lorentz dispersion formula within experi- 
mental error. In the case of certain materials, notably graphite, the curves from 
the second crystal were extremely broad (20 to 50 seconds), caused by internal 
refraction due to the granular structure. This seems of interest with respect 
to the possibility of comparing internal arrangements of particles in various 
samples, though nothing of that sort was attempted here. 


INTRODUCTION 


N a recent paper by Bergen Davis and C. M. Slack! a method was 

described which employed the “double x-ray spectrometer’” for the 
measurement of the refraction of x-radiation in an aluminum prism. 
The present paper presents a continuation of that work using a variety 
of substances as prisms. 


EXPERIMENTAL METHOD 


In all cases, except copper, silver and carbon, double prisms were used, 
in which the ray passed through the prism symmetrically, being bent 
the same at each surface. With copper and silver the difficulty ex- 
perienced in perfecting the prism edge was overcome by backing a 
carefully polished face of the material against a steel plate and then 
milling the other face to the angle desired. The ray was then allowed to 
enter normally, refraction taking place on emergence.. In these metals, 
on account of the high absorption, it was not possible to work at a 
distance greater than .01 cm from the edge. With carbon a right angled 
block was used, this being rotated to obtain the refracting angle. 


1 Bergen Davis and C. M. Slack, Phys. Rev. 27, 18 (Jan., 1926). 
2 Bergen Davis and W. M. Stempel, Phys. Rev. 17, 608 (May, 1921). 
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In measuring the refraction, the first crystal was set for the wave- 
length desired (MoKa or CuKa) and a direct rocking curve from the 
second crystal was taken. Then the prism was inserted and the rocking 
curve again taken. The shift in the peak measured the bending of the 
ray in the prism. This process was usually repeated several times at 
different prism positions to make sure that the prism was across the 
x-ray beam and to iron out slight irregularities in the prism surfaces and 
the larger shifts due to temperature changes. 

In calculating 6 from the prism angle and the measured bending a 
simple modification of the formula for the refractive index of a material 
for light was used: 


6=—@cot R (1) 


for single prism: 


5=—FOcotZR (2) 


for double prism. R is the prism angle and @ the deviation of the ray. 
The sign of 6 is negative for bending as observed, which gives a positive 
value for 6 in every case. 


RESULTS AND DISCUSSION 
The results are shown in Table I. 


TABLE I 
Data on refraction of x-rays. Values of §(= 1 -,). 








5X 10° 
Calc. by Lorentz 
formula 
prism angle refraction 6X 10° omitting 
Substance (degrees) (sec. of arc) observed complete char. freq. 


.7078A 
5.85 +0.3 
5.95 +0.5 





silver single 
copper single 
sulfur double 1.39 +0.05 
aluminum double ‘ ‘ 1.68 +0.07 
carbon single : .02 +0. 1.23 +0.15 
celluloid double . ‘ ‘ -980 + 0.03 
paraffin double : ‘ , -701+0.03 


Or bo = i 
NONN 
HH + H- H- 
oooo 
N bth 


aluminum double : ; ° : ; ; . 
celluloid double c .06+0.1 ; : ; 71 
paraffin double ; .40+6.15 3.28 +0.15 . wane 








The first of the last two columns was obtained from a modification of 
the Lorentz dispersion formula*® thus: 


* R. von Nardroff, Phys. Rev. 24, 143 (1924). 
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where p, is the critical absorption frequency for the K series. 
Which for the last column was simplified to 





‘ ee n 
lem (4) 

It will be observed that only in the cases of silver and copper did the 
consideration of vy, have an appreciable effect and in these it brought the 
result nearer the experimental value. 

The curves were extremely narrow and of almost perfect regularity. 
It seems of interest to note that, with the exception of a few cases 
mentioned below, the transmission curve had practically the same 
width as the direct. The peak of an individual curve could be located to 
within .2 seconds. A shift due to temperature caused considerable 
trouble, but as it affected both curves alike it could be largely eliminated 
by a series of “‘out’’ and “‘in’’ curves. The other errors, such as lining up 
of the prism in mounting, measuring of prism angle, imperfections in 
prisms, etc., were not so easy to determine but in no case would intro- 
duce an error greater than .2 seconds, and in most cases considerably 
less. The discrepancy in the case of carbon is due to curve broadening 
discussed below. 

Fig. 1 is a direct curve which shows the accuracy with which the 
peak can be located under favorable conditions. It also shows to a fine 
degree the perfect structure of the crystals used. 

Because of the relatively low absorption in celluloid and the high 
accuracy with which it was possible to mill the prism edge, quite large 
refractions could be obtained. Fig. 2 shows such a case. The prism was 
pushed only part way across the beam, (a) representing that which 
passed the edge and (b) the portion which was refracted in the prism. 


INTERNAL REFRACTION IN GRAPHITE 


In the determination of 6 for carbon a piece of brush graphite kindly 
supplied by Dr. Welsh of the Union Carbide and Carbon Research 
Laboratories was used. It was observed immediately that the curves, 
instead of being 6 seconds wide at the half maximum, were of the order 
of 30 to 50 seconds, depending on the prism position. This effect 
apparently came from internal refraction due to the granular structure 
of the material. To check this, however, the transmission through a 
paraffin block was compared with that through the same amount 
granulated and it was found that the curve width was nearly doubled 
for the granulated material. There was some broadening in the case of 
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*. 
sulfur, due to the same cause. In no case was the effect noticed where it 
could be attributed to the surface conditions though in every case 
surface irregularities were enormous as compared to the x-ray wave- 
length. 


15.8” 


1 
seconds of arc Seconds of arc 


Fig. 1. Apparatus curve. Fig. 2. Refraction in celluloid. 


An investigation was made of the transmission through graphite strips 
of different thickness and the results obtained are given in Table II. 


TABLE II 
Data on the broadening of refraction curves in graphite. 








Thickness of Curve width at 
graphite half max. Broadening 


MoKe 





13. 
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This variation of the broadening with thickness may be explained as 
follows. Consider the original beam as plane parallel and that in 
traversing a slab of known thickness it is divided into a large number of 
smaller elements (see Fig. 3) angularly dispersed in a manner which can 
be determined from a corresponding rocking curve. On traversing a 
second slab of equal thickness each of these small elements will be 
angularly dispersed in a manner exactly as was the original beam 
through the first slab. The total effect is then to be obtained by sum- 
mation over all the elements. 

The numerical value of the intensity at any angle is obtained ex- 
perimentally as the height of that particular ordinate on the rocking 
curve. Thus to obtain the broadening graphically, curves were drawn, 
having the same distribution as the original, from a number of points 


Curve throvgh 
first siab 














eS 





Figs. 3 and 4. Diagrams to illustrate how the internal refraction of x-rays in graphite 
broadens the rocking curves. 


on the original. Then the ordinates of the elementary curves were added 
and the scale reduced for comparison. (See Fig: 4). This gave a curve 
showing distribution of intensity after traversing a second unit slab. 
This process was repeated for each thickness. In practice some eight 
points were taken on each curve and the check with the experimental 
results was within the error of observation. To explain quantitatively 
the original broadening would demand a knowledge of the shape, size 
and distribution of the carbon particles, which is not available. 

In conclusion I wish to express my appreciation to the members of 
the Physics Department for their cooperation in this work, and es- 
pecially to Professor Davis for the suggestion of the problem and his 
constant aid in overcoming difficulties encountered. 


PHOENIX PHYSICAL LABORATORIES, 
Co_umBIA UNIVERSITY, 
January 7, 1926. 
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THE ORIGIN OF K-RADIATION FROM THE TARGET 
OF AN X-RAY TUBE 


By MArK BALDERSTON 


ABSTRACT 


The fluorescent energy transformation coefficient, the ratio of the energy 
of secondary K-radiation emitted by an elementary volume of the radiator to 
the energy absorbed by it from the exciting x-rays, is observed for Fe, Ni, Cu, 
Zn, Mo, and Ag. The ratio of quanta emitted as K-radiation to quanta ab- 
sorbed seems to be a constant for a given metal; Fe—33 percent; Ni—39 per- 
cent; Cu—43.5 percent; Zn—50 percent; Mo—83 percent; Ag—75 percent. 
Making use of the experimentally determined values of the transformation 
coefficient the fluorescent K-characteristic radiation from the target of an x-ray 
tube is calculated for Cu and Ag, and compared with observed values of 
the total K-radiation. An estimate is also made from theoretical considera- 
tions of the relative amounts of direct impact K-characteristic radiation to 
be expected from an x-ray tube target. The calculations indicate that for 
silver and probably for other elements of high atomic number practically all of 
of the K-characteristic radiation from an x-ray tube is fluorescent in origin 
while for copper and probably other elements of low atomic number a con- 
siderable part of the K-radiation is due to direct impact of the cathode elec- 
trons. ‘ n 


OLLOWING the discovery by Kaye! that characteristic x-radiation 

was emitted by the target of an x-ray tube Barkla® explained the 
phenomenon as secondary radiation resulting from the absorption, in 
the target itself, of the general radiation. Beatty* examined the sub- 
ject theoretically, not however publishing his method of analysis, and 
announced that not over ten per cent of the observed characteristic 
radiation could be so accounted for. An experimental investigation 
conducted with as much care as was possible with the facilities then 
available (1912) convinced him that practically all of the K-radiation 
from an x-ray tube target was the result of direct impact of the cathode 
electrons without the intermediate formation and absorption of general 
x-radiation. 

With the x-radiation spectrometer came new evidence for Barkla’s 
theory in the form of a sharp discontinuity in the general radiation 
spectrum at what was soon recognized as the K-absorption limit. Ap- 
parently the wave-lengths below the K-limit were strongly absorbed 


1G. W. C. Kaye, Phil. Trans. A209, 123-151 (1909). 
2 C. G. Barkla and C. A. Sadler, Phil. Mag. 17, 739-760 (1909). 
*R. T. Beatty, Proc. Roy. Soc. 87, 511-518 (1912). 
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in the target and it was but natural to assume that the K-radiation 
was an indirect effect resulting from this absorbed energy. Under the 
influence of Beatty’s work, however, this evidence was largely dis- 
counted and explained as due to absorption by small bumps on the 
face of the target. It seems to have been generally assumed that if 
the target were absolutely smooth there would be no such disconti- 
nuity; that the characteristic radiation would appear as a new effect 
superposed on the general radiation. Beatty’s® investigation of the 
total radiation from a copper target added weight to these conclusions; 
for as the velocity of the impinging electrons was increased the in- 
tensity of the resulting x-rays increased being nearly proportional to 
the fourth power of the velocity until the K-radiation appeared when 
the rate of increase became more rapid as though a new effect were 
superposed on the old. A similar piece of work by Brainin‘ confirmed 
Beatty’s result for copper and secured similar results for cobalt, 
palladium and platinum. Molybdenum, however, gave a perfectly 
straight line showing no break at the K-absorption limit while silver 
showed a well defined decrease in efficiency at about the voltage cor- 
responding to the K-absorption limit. 

Meanwhile D. L. Webster and A. E. Hennings’ have shown that for 
a molybdenum target, the focal spot of which had been fused so that 
there could not possibly be inequalities great enough to explain any 
discontinuity in the general radiation curve, nevertheless a well de- 
fined discontinuity appeared which they explained as wholly due to 
K-absorption in the target and from the amount of the discontinuity 
calculated the mean depth of production of the x-rays at the K- 
absorption limit. Their result is well in accord with the data on penetra- 
tion of electrons found by Terrill.® 

These results make it seem worth while to redetermine on the basis 
of present knowledge the amount of fluorescent or indirect K-radiation 
to be expected from the target of an x-ray tube. Our knowledge of 
absorption coefficients is adequate. The results of Terrill’s work 
on electron penetration in metals gives at least a rough indication 
of the mean depth of production of general x-radiation of a given 
wave-length. Webster and Hennings’ work mentioned above indicates 
its.reliability. There remains to find what we have termed the “fluo- 
rescent transformation coefficient,” ¢, for a given range of wave- 
length of incident x-rays; i. e., the ratio of the energy of fluorescent 


*C. I. Brainin, Phys. Rev. 10, 461 (1917). 


5 D. L. Webster and A. E. Hennings, Phys. Rev. 21, 301-311 (1923). 
* H. M. Terrill, Phys. Rev. 22, 101-108 (1923). 
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K-radiation from a small element of the target to the total energy 
absorbed by the element during the same time. The determination 
of this coefficient for a number_of metals ranging from iron (26) to 
silver (47) and for a number of wave-lengths from .314A to .9A was 
the object of the investigation of which this paper is a report. 


APPARATUS AND EXPERIMENTAL METHOD 


The apparatus is an x-ray spectrometer with calcite crystal C 
(Fig. 1) and a 15 cm ionization chamber A, containing air saturated 





























Fig. 1. Apparatus. C represents the calcite crystal, A and B the two positions of the 
movable ionization chamber, R the radiator, S the slit. 


with ethyl bromide vapor. The chamber is mounted so that it may 
be revolved about a vertical axis 2 cm in front of the aluminum window 
making it possible to use the same chamber for measuring the secondary 
radiation from the specimen R and when turned through an angle 
of 90° to position B, the exciting radiation (R being then removed). 
The face of the radiator R makes an angle of 45° with the incident 
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beam so that the path of the incident x-rays in the radiator is equal 
to the mean path of the resulting characteristic radiation which 
reaches the ionization chamber. (On account of the very large solid 
angle subtended by the window this condition is only approximately 
satisfied.) The ionization current is measured by the rate of collapse 
of a small gold leaf electroscope mounted on the end of the chamber. 
The insulated electrode and the gold leaf are charged to a potential 
of about 60 volts. The sensitivity of the electroscope is about five 
divisions per volt and as the capacity is small the sensitivity per unit 
charge is high. The source of x-rays is a water-cooled tungsten-target 
tube of the Coolidge type. This tube was kindly constructed for the 
Laboratories by the Research Department of the Westinghouse Lamp 
Company. The source of power was a 500 cycle voltage rectified by 
two kenotrons and smoothed out by a large condenser. 

The tube voltage and current were adjusted to suitable values. 
The crystal table was set at the proper angle to reflect the wave-length 
desired and, with the ionization chamber in position B (see Fig. 1) 
the proper position of the slit S was determined. The ionization cur- 
rent was then taken several times in this position giving a good mean 
value as a measure of the incident or exciting radiation. The chamber 
was then turned to position A at right angles to position B. With the 
tube input maintained at the same value there were then taken in 
turn; first, the natural leak of the electroscope and chamber; second, 
the ionization current with the required radiator R, placed in position ; 
third, the natural leak again (the radiator R having been removed). 
This was repeated many times during a run, using different radiators. 
Occasionally during a run the incident radiation measurement was 
repeated as there was usually a slight drift in sensitivity due to change 
in temperature. The leak varied capriciously. Not over ten percent 
of it was due to stray x-rays (except at the highest voltages used) 
as was readily determined by shutting off the power. The amount of 
the leak varied a great deal with the weather but the range of varia- 
tion during a given run was no greater in summer than in late winter. 
It was found necessary to keep the electroscope system charged 
throughout a run. If it were allowed to become completely discharged, 


for even a few seconds, it would give abnormally high values for a 
considerable period, the effect disappearing logarithmically with the 
time. Extreme precautions were taken to return the ionization chamber 
to exactly the original position after a reading of the incident radiation. 
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The ratio of the ionization current due to the secondary radiation 
(corrected for leak) to the ionization current due to the incident radia- 
tion is given in Table I. 


TABLE | 
Ratio of the ionization currents due to secondary and incident radiations. 








Incident Value of c’/c for 
Wave-length ! Mo Cu 





.306A 009: .0058 .00015 
359 .00653 .00065 .00052 
466 ; .00637 .00115 .00109 
571 ; 00127 00119 
.678 00195 .00171 
.782 00233 00204 
887 .00297 00256 








ENERGY TRANSFORMATION COEFFICIENT, 


In order to compare the vaues of the t ansformation coefficients of 
molybdenum and silver with those of the lighter elements, the radia- 
tions from which do not excite the K-radiation in bromine of the ethyl 
bromide, it is necessary to reduce the ratio of ionization currents given 
in Table I to the ratio which would have been obtained if the radia- 
tion could have been completely absorbed in air. This was done by 
making use of Barkla’s’ data on relative ionization in air and ethyl 
bromide. On account of the difference in path in the ionization cham- 
ber of different pencils of the divergent beam of K-radiation it was 
necessary to integrate over the solid angle w to get the correction 
factor A’ for the K-radiation. The energy transformation coefficient 
¢, the fraction of energy absorbed by a small elementary volume of 
the radiator which is re-emitted as K-radiation is given by the fol- 
lowing expression 


Ar tsecr /4 —1 
¢=— [af pe **e—#Ko x] A'c'/Ac. 
0 


@ 


The integral accounts for absorption in the radiator of the exciting 
radiation before transformation and for absorption of the resulting 
K-radiation before emergence from the radiator. w is the solid angle 
subtended at the radiator by the window of the ionization chamber. 
w is the coefficient of absorption of the radiator for the exciting radia- 
tion. mx is the coefficient of absorption of the radiator for its own 
K-radiation. A’c’ is the total energy per second of K-radiation entering 
the ionization chamber, expressed in terms of the total ionization it 
can produce in air. Ac is the energy per second of the exciting radia- 


7C. G. Barkla, Phil. Mag. 20, 372 (1910). 
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tion falling on the radiator, expressed in the same terms. J is a cor- 
rection factor for absorption of the K-radiation in air and in the alumi- 
num window of the ionization chamber. ¢ is the thickness of the radia- 
tor. x is the path in the radiator of the exciting radiation before trans- 
formation. ax is the path in the radiator of the resulting K-radiation 
before emergence. 

The ratio c’/c is given in Table I. The value of w is .030+.004. 
This is probably by far the least accurate factor entering into the de- 
termination of @. The values of uw are from data of Richtmyer® and 
Hewlett.? Those of ux are from tables compiled by Ledoux-Lebard 
and Dauvillier.” 

The amount of scattered radiation from the radiator entering the 
ionization chamber in position A is negligible. This is because of the 
fact that the coefficient of scattering is least at this angle (90°)" and 
that the shortness of the ionization chamber makes it relatively much 
more sensitive to the K-radiation than to the scattered radiations at 
the short wave-lengths. (It is only at short wave-lengths that the 
scattered radiation becomes important.) 

The experimental values of ¢ are given in Table II below. 


TABLE II 


Values of ¢, the ratio between the energy re-emitted as K-radiation by an elementary 
portion of the radiator to the energy absorbed by that portion from the incident or 
exciting x-radiation; and the values of the quantum transformation coefficient, u. 











Wave-length 
of incident Values of ¢ for 
x-radiation Ag I Zn Cu” Ni Fe 





.306A ; : eer 021 

359 414 ; .077 .066 ates 

.466 ; ; .160 156 .090 
571 ; ; 166 .163 121. 
.678 pean . 220 193 142 

.782 Sea serie 251 218 153 

887 ee ees 311 263 .210 





Values of u .75 .83 .50 .435 .39 











THE QUANTUM TRANSFORMATION COEFFICIENT, &% 


If now we plot ¢ versus A, the wave-length of the incident x-radiation 
we find the relationship is apparently linear and the curves cut the 


8 F. K. Richtmyer, Phys. Rev. 18, 13 (1921). 

°C. W. Hewlett, Phys. Rev. 17, 292 (1920). 

10 R, Ledoux-Lebard et A. Dauvillier, La Physique des Rayons X. Paris (1921). 

1! Barkla and Ayers, Phil. Mag. 21, 270-278. 

2 At .385A G. E. M. Jauncey and O. K. DeFoe have found by a different method 
a single value of ¢ (for Cu) =.20 Proc. Natl. Acad. Sci. 11, 520—2 (1925). 
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horizontal axis at points in the neighborhood of the origin. This sug- 
gests the possibility that the ratio of the number of quanta transformed 
to the total number of quanta absorbed is the same for a given radiator 
at all frequencies and that the decrease in ¢ with increase in frequency 
of the absorbed radiation is due to the increase, with frequency, in 
the energy of the absorbed quantum while the energy of the re-emitted 
quantum remains unchanged. The failure of the curves to pass through 
the origin may then be ascribed to lack of perfect proportionality be- 
tween the calculated ionization and the energy of the radiation. If, 
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Fig. 2. Relation between ¢ and the wave-length of general x-radiation absorbed 
by the specimen. 


Energy of K-radiation emitted 





" Energy of general x-radiation absorbed 


now, the line be extended to the wave-length of the K-characteristic 
radiation it will represent an imaginary condition in which the absorbed 
quantum is equal to the re-emitted quantum and in consequence the 
ratio of the energy absorbed to the energy emitted will be equal 
to the ratio of the quanta absorbed to the quanta emitted. This 
quantity, uw, has been derived from each of the curves in Fig. 2 and the 
values are shown in the last column of Table II. 

The values of u have been plotted against the atomic number of 
the element in Fig. 3. Since the K-absorption, for any given wave- 
length according to the formulas given by Richtmyer® for absorption 
coefficients above and below the K-limit, is about 87 percent of the total 





ORIGIN OF K-RADIATION 703 


absorption, we should expect 87 percent of the absorbed quanta to 
eject K-electrons and in consequence the same number of quanta of 
K-radiation to be re-emitted, i.e., « should by this reasoning be equal 
to .87. The author’s results, however, are in agreement with deter- 
minations of u by Barkla™ and by Kossel'* from data by Sadler.” 
These have been indicated on Fig. 3 where the author’s values appear 
as circles, Barkla’s as squares and Kossel’s as crosses. Moreover, as 
indicated near the close of the paper in the determination of the 
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Fig. 3. Relation between ratio of quanta absorbed to quanta re-emitted and atomic 
number of element absorbing general x-radiation. 


fluorescent K-radiation from the target of an x-ray tube and also of 
direct impact K-characteristic radiation, the use of values of @ based 
on u=.87 leads to an amount of fluorescent K-radiation hard to re- 
concile with experimental data while the use of the observed values 
of @ gives very satisfactory agreement. This points to the possibility 
that, at least for metals of low atomic number, only one half or less 
of the absorbed energy goes into photo-electric ejection of K-electrons, 
% C. G. Barkla, Phil. Trans. A217, 315-360 (1918). 


14 W. Kossel, Zeits. f. Physik 19, 333-346 (1923). 
% C. A. Sadler, Phil. Mag. 18, 107-132 (1909). 
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or else that these electrons are replaced by some process which does 
not involve the expected K-radiation. In this connection attention 
is called to the recent work of Auger'® and of Bothe!’ indicating a 
“special inner absorption” of K-radiation by the parent atom, an 
absorption much more intense than the normal absorption by the 
substance, the energy leaving the atom in the form of a second ejected 
electron. 


DETERMINATION OF INDIRECT K-CHARACTERISTIC 
RADIATION FROM THE TARGET 


Unnewehr" has given some data on the ratio of the intensity of K- 
radiation to general radiation from the target of an x-ray tube. From 
a copper target at 15,400 volts the ratio between the energy of the 
Ka-radiation entering the ionization chamber of a simple Bragg form 
X-ray spectroscope and the energy of the general radiation entering 
simultaneously he finds to be 11.2. For a silver target at 36,400 volts 
he finds this ratio to be 2.7. We are now in a position to determine 
from fairly reliable data the ratio between the energy of indirect or 
fluorescent Ka-radiation entering the ionization chamber and the 
energy of the general radiation entering simultaneously. By comparing 
the two ratios we may then determine what part of the Ka-radiation mea- 
sured by Unnewehr was fluorescent in origin, i. e., energy re-emitted by 
atoms of the target which have lost K-electrons by absorption of general 
x-radiation from other portions of the target. We will assume a general 
radiation curve J vs \ where, per unit volume of the target, J is the 
energy radiated having wave-length within a given range A to A+A\. 
We will further assume the mean depth of production of J to be given 
by the Whiddington law of electronic penetration—the depth at which 
the electron will have the same energy as the mean energy of the 
quantum of J. Since an error of 50 percent in the assumed depth of 
production will make a difference of only about 5 percent in the 
corresponding value determined for the fluorescent radiation this as- 
sumption of mean depth of production though not exact will certainly 
not cause a very large error in our results. The values of the penetra- 
tion coefficients determined by Terrill® were used in the following work. 
It is now a simple matter to set up an expression for the energy of 
general radiation in a given wave-length range \ to A+AA from one 
elementary volume, dr, of the target which is absorbed in another 
element dr.’ Multiplying this value by @, the fluorescent energy 

1% P. Auger, Comptes Rendus 180, 65-68 (1925). 


17 Von W. Bothe, Phys. Zeits. 26, 410-412 (1925). 
18 E. C. Unnewehr, Phys. Rev. 22, 529-538 (1923). 
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transformation coefficient from the curve of Fig. 2 gives the resulting 
fluorescent K-radiation from the second element, dr.’ A portion of the 
resulting radiation lies within the very small solid angle 6’w necessary 
for reflection from the crystal—this quantity must then be corrected 
for absorption in reaching the surface of the target. A further cor- 
rection factor R for absorption in air, reflection coefficient of the crystal, 
incomplete absorption in the ionization chamber, etc., is introduced. 
Its exact form is immaterial since identical corrections will apply to 
the general radiation entering the chamber with the K-radiation. 
It remains to integrate dr’ over that part of the target which contributes 
K-radiation to the beam reflected by the crystal and dr over the layer 
of the target in which the general radiation of range \ to \+Ad origi- 
nates. Since the Ka-radiation is 5/6 of the total K-radiation’® we have 
for the energy of fluorescent Ka-radiation 


5 5’ n T,tR re # nVrt+z2 
Ex.=)—¢ — : J as f as f° 0 fe eke (nd—2) (2) 
T 


The summation is over all wave-length ranges AX for less than the 
wave-length of the K-absorption limit of the target. dr=ds dx and 
dr’=trdrd6. nd is the depth of dr below the surface. ¢(nd—x) is 
the path of secondary x-rays from dr’ to the surface. s is the slit-width 
of the narrower slit of the collimator. h is the height of section of the 
focal spot of the target. By a change of variable u=pVPr+x this 


reduces to 
5 &'w thsR nd 
ee oe et ial f — Bi(ux)emt- dx (3) 


Tables for the Ei function are given by Glaisher.* We wish to com- 
pare Ex, with the energy of the general radiation entering the ioniza- 
tion chamber at the same time. If we have so chosen Ad that it is equal 
to the complete range of wave-lengths entering the ionization chamber 
when it is set on the peak of the Ka line we may designate the value 
of I for this band Jg. The energy from an element dr will then be J¢dr. 
The energy reaching the ionization chamber is given by 


(4) 


where 60 is the angle subtended at dr by the slits of the collimator, 
A@ is the maximum value of 56, end’ is the mean path of x-rays before 
emergence from the target, and 5@ and A@ may be expressed in terms 


1 J. W. L. Glaisher, Phil. Trans. 109, 367-387 (1870). 
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of the dimensions of the collimator and its distance from the target. 
The ratio Ex./Eg has been calculated for copper and silver from the 
above expressions. 

Assuming similar ideal general radiation curves for silver at V= 
36,400 volts and copper at V=15,400 volts in each case with the 
“cut off’? point as prescribed by the condition hymaz= Ve and the peak 
at the position v=Ymar/1.5 we have the following for the two ratios 


Exe _ Expected indirect K-radiation 








Eq General radiation entering ionization chamber with it 


For copper Ex./Eg=5.03/.54=9.3. Unnewehr finds this ratio 11.2 
so that we have accounted for about 83 percent of the Ka-radiation. 
For silver Ex./Eg=12.6/4.8=2.62. Unnewehr finds this ratio to be 
2.7 so that in the case of silver we have accounted by this method for 
97 percent of the Ka-radiation. 

The discrepancy between the results for the two metals suggests 
that direct impact characteristic radiation may play a more important 
role in the case of copper than it does in the case of silver. 


ESTIMATE OF DrREcT IMPACT K-CHARACTERISTIC 
RADIATION FROM THE TARGET 


A relative measure of the direct impact K-radiation is given by the 
probability that an electron of given initial velocity will approach 
close enough to a K-electron, before its energy has been reduced below 
the K-quantum, to lift it entirely out of the atom. This is the condi- 
tion for direct K-characteristic radiation. To satisfy this condition the 
path of the electron must lie within a distance p of the K-electron 


where is given by the expression” 
E 
hy = ——_—__—_ (5) 
k 44 ptEt/e 


where hy, is the energy necessary to lift out the K-electron, E is the 
energy of the impacting electron, and e is the electronic charge. 


20 It may be shown that if a body of mass m and charge e moving with velocity v 
approaches another body of mass m and charge ¢ at rest that the second body will acquire 
a velocity u given by 





u=v/V 1+(p*/e*) (tm) (6) 
where p is the perpendicular distance from the line of flight of the first particle to the 
second. This is derived by the mechanics of two bodies acting by the inverse law of 
force. Squaring and multiplying each member by 4m and setting $mv*=E and letting 
the energy acquired by the second body be }mu*?= hv, we have Eq. (5) above. The author 
is indebted to Prof. Bergen Davis for Eq. (6). 
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For an impacting electron of a given initial energy Ey the probability 
that it will lift out a K-electron is clearly the ratio of the sum of the 
areas of all circles of radius p about the K-electrons to the total area 
of the target face. The value of this ratio is 


er 2Vo—Vi Ve 
2na_| log] (7) 


Vi V2 


where 6 is the Whiddington coefficient of penetration in the expression 
V2=V,?—Bx, Vo is the energy in abvolts of the penetrating electron, 
Vx is the energy just sufficient to lift out a K-electron. e is the elec- 
tronic charge, and is the number of atoms per cc in the target. 

Substituting appropriate values for the two cases investigated above, 
silver at Vo = 36,400 volts gives .00028 and copper at V)= 15,400 volts 
gives .00108. We should expect then about four times as many quanta 
of direct K-radiation from copper at 15,400 volts as from silver at 36,400 
volts. In terms of energy we should expect 1.4 times as much energy 
from the copper as from the silver. In view of this it seems obvious 
that the greater part of the K-radiation is not direct impact radiation 
as Beatty claims for how then explain that the obsérved ratio of Ka- 
radiation of copper and silver for the above voltages is 6 to 13 when 
from the calculation above it should be 1.4 to 1? On the other hand 
we now can explain the fact that our calculated value for the Ka- 
line of copper was too low if for metals of low atomic number the direct 
K-radiation forms a considerable part of the total K-radiation but for 
metals of high atomic number the direct radiation becomes relatively 
of much less importance. This may be the explanation for the failure 
of molybdenum and silver to show increase in radiating efficiency in 
the curves for total energy as found by Brainin. 

Returning to Unnewehr’s data and our calculated values of Ka- 
radiation we have the following: 


TABLE III 
Target Cu Ag 
Tube voltage 15,400 36,400 
Total Ka-radiation (Unnewehr) 6.0 13.0 
Indirect (fluorescent) Ka-radiation 5.03 12.6 
Difference = direct impact Ka-radiation 1.0 4 


The ratio 1.0/0.4 =2.5 is in good agreement with the expected value 1.4. 

As suggested above we may now make use of these results to check 
the validity of our determination of @¢, the fluorescent energy trans- 
formation coefficient. If we use in place of ¢ in the calculation of in- 
direct K-radiation from the target a value of the transformation co- 
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efficient derived from the assumption that u=.87 we shall have to 
substitute in Table III above 10.1 and 14.6 for the energy of the 
fluorescent Ka-radiation of copper and silver respectively. These values 
are actually larger than the total Ka-radiation observed by Unnewehr 
and copper now shows relatively more indirect radiation than silver. 
This leaves no room for any appreciable amount of the direct impact 
radiation which seems necessary to explain Brainin’s results referred 
to in the preceding paragraph. These facts then seem to point to the 
reliability of the observed values of u as given in Table II. 


CONCLUSIONS 


It seems established that for any given element the ratio between 
the number of quanta of x-rays of any wave-length absorbed to the 
number of quanta of secondary K-characteristic x-rays emitted is a 
constant. Experimental values indicate that this quantum transforma- 
tion coefficient is much less than unity and increases markedly with 
atomic number. This increase is further indicated by the comparison 
of calculated with observed values of K-radiation from the target of 
an x-ray tube. For copper and probably other elements of low atomic 
number a considerable part, but probably much less than fifty percent, 
of the K-radiation originates from direct impact of the cathode elec- 
trons. For silver on the other hand, and probably other elements of 
high atomic number, a very small part of the total K-radiation has 
such an origin. 

I wish to express my appreciation for the interest and help of 
Professor Bergen Davis who suggested this research and under whose 
direction it was performed. Grateful acknowledgement should also 
be made to the Westinghouse Laboratories at Bloomfield, N. J.. for 
the water-cooled tungsten tube used in the research. 


PHOENIX PHysICAL LABORATORIES, 
CoL_uMBIA UNIVERSITY, 
February 1, 1926. 
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A SPECTROGRAPHIC EXAMINATION OF THE STRIATED 
DISCHARGE IN MIXED GASES* 


By Davin A. Keys Anp M. S. Home 


ABSTRACT 


The present paper contains the results of a spectroscopic examination of the 
striated discharge in (1) a mixture of nitrogen and hydrogen, (2) a mixture of 
helium and hydrogen. Spectrograms were taken of the light emitted by the 
negative glow and by the striations respectively. The electronic energies in 
the different regions of the discharge are interpreted from these spectra in much 
the same manner as that first suggested by Seeliger and now used by astro- 
physicists to determine the extent of ionization in different stars and in various 
levels of the sun’s atmosphere from the spectra of their regions. In the nitrogen 
mixture the Balmer lines and the nitrogen bands 4708, 4278 and 4236 were 
found to appear in the negative glow but to be absent from the striations. 
Interpreting this result in terms of electronic energies (or equivalent quanta, if 
radiation) there are relatively few electrons possessing energy equivalent to 
15.5 volts in the striations though the potential applied to the discharge tube 
was about 1100 volts. In the mixture of helium and hydrogen, the Balmer lines 
are strong in the striations but relatively weak in the negative glow. The line 
spectrum of helium was strong in the negative glow but weak or absent in the 
striations. The mercury arc lines were equally strong in both parts of the 
discharge. In terms of electronic energies, these results mean that there are 
relatively few electrons possessing energy equivalent to 25.3 volts in a stria- 
tion but plenty possessing energies of 10.4 and 15.5 volts. An explanation 
is suggested of the change in intensity of certain lines in mixtures of different 
gases. 


HE following experiments are acontinuation of a former paper,’ in 

which the spectra from the different regions of a striated discharge 
are examined with a view to determining (I) the relative concentration 
of the different atoms and molecules in the various excited states and 
(II) the distribution of potentials or electronic energy in the same re- 
gions. The distribution of potential and the electric field in different 
parts of a striated discharge have been measured by many investigators. 
The various methods which have been used may be classified under the 
following four groups: (A) the exploring electrode,? (B) the cathode 
ray beam,’ (C) the Stark effect,‘ (D) the hot and cold sounding probe 


* Read in abstract, Kansas City Meeting of the American Physical Society, Decem- 
ber, 1925. 

1D. A. Keys, Trans. Roy. Soc. Canada 19, 143 (1925). 

2 J. J. Thomson, ‘Conduction of Electricity through Gases.” 2nd Edition p. 528. 

* J. J. Thomson, Phil. Mag. 18, 441 (1909); F. W. Aston, Proc. Roy. Soc. A. 

* E. Brose, Ann. d. Physik 58, 731 (1919). 
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method due to Langmuir.’ The unreliability of A and the limitations 
of B and C are quite evident. The presence of the probe in those ex- 
periments in which the Langmuir method has been used, has been 
found not to distort the field appreciably. In these cases the current 
density has been comparatively large. But in discharges of small 
current densities such as are used in the present paper any obstruction 
in the path of the discharge is more liable to alter conditions. More- 
over, under the conditions of the experiments to be described, the dis- 
continuities in the current potential curves obtained by the Langmuir 
method would be very difficult to designate with accuracy. The method 
adopted in this paper was therefore similar to that used by Seeliger,® 
who observed the variation in intensity of certain spectral lines in 
different regions of a glow discharge. The light emitted by different 
regions of the discharge was photographed with a spectrograph and 
from the nature of the spectra the potentials or electronic energy 
necessary to produce the lines determined.* The gas is thus made to 
reveal its own condition and the potentials are determined in much 
the same manner as that used by astrophysicists’ to determine the ex- 
tent of ionization among the different atoms in the various stars and 
in the different depths of the stellar atmosphere of the same star, by 
examining the light which they emit or absorb. The method is limited 
by our knowledge of excitation and ionization potentials but some 
information may be obtained when these potentials are known. One 
of us has already pointed out some differences in the spectra from 
different parts of a single striation and the negative glow in the case 
of hydrogen.! The present paper contains the result obtained from 
the examination of (i) a mixture of nitrogen and hydrogen and (ii) 
a mixture of helium and hydrogen. 


APPARATUS 


The apparatus used was similar to that described in an earlier paper,! 
consisting of a glass tube about 95 cm long and 5.5 cm in diameter, 
fitted with parallel plane aluminium electrodes. The potential difference 
between the electrodes was about 1100 volts and the current about 
10 milli-amps. supplied by an Evershed and Vignolles direct current 
generator. The spectrograms were taken with a Hilger constant de- 

5 I. Langmuir, J. Frankl. Inst. 196, 751 (1923). 

® R. Seeliger, Ann. d. Physik 67, 352 (1922). 

* It has been suggested to the authors that the Langmuir probe method might have 
been used to measure the velocity distribution and thus directly test the relation sug- 


gested. We hope to try this later. 
7 Saha, Proc. Roy. Soc. A99, 136 (1924). 
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viation glass spectrograph. The tube was exhausted by a Hyvac oil 
pump and a charcoal tube cooled with liquid air. The gases were dried 
with phosphorus pentoxide and the discharge tube was washed out 
thoroughly several times with the gases before a photograph was taken, 
the discharge passing through each rinsing in order to remove as much 
as possible of the “residual” gases from the electrodes. No attempt 
was made to bake the tube or the electrodes. 


OBSERVATIONS 


Nitrogen and hydrogen. The nitrogen was prepared by heating a 
solution of potassium nitrite and ammonium chloride, the gas 
being purified by passing it over heated copper turnings to remove any 
trace of oxygen present and over phosphorus pentoxide to remove the 
water vapor. Some observations were first made on the relation be- 
tween the current and the applied potential. It was found that at a 
certain potential the current rose rapidly without any change in po- 
tential, the pressure of the gas being about 0.01 cm of mercury. On 
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Fig. 1. Spectrogram of the striated discharge in a mixture of nitrogen and hydrogen. 


reducing the potential the current did not fall to its former value, 
confirming Olsen and Young’s observation,* who attribute this fact 
to the charging up of the walls of the tube. The potential was then 
kept constant at about 1100 volts and spectrograms were taken of the 
light emitted by the negative glow and by a striation. The results 
are shown in Fig. 1. It will be seen that the lines Ha and Hf come out 
strongly in the negative glow but are absent in the striation. To 
produce the Balmer lines from molecular hydrogen requires 15.5 volts 
and to produce the negative bands in nitrogen requires 17.75 volts.® 
It therefore appears that there are no electrons present in the striation 
possessing energy equal to 15.5 volts, though the potential between the 
ends of the tube is 1100 volts. If we assume a Maxwellian distribution 
for the energy of electrons, the results show that the center of this 


* A. R. Olsen and T. F. Young, Phys. Rev. 25, 58 (1925). 
® E. E. Witmer, Phys. Rev. 26, 780 (1925). 
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distribution corresponds to an energy less than 15.5 volts in the 
striation. 

Helium and hydrogen. Helium with a small trace of hydrogen was 
now used in the tube. Some interesting changes in the nature of the 
discharge were noticed during this washing. When the striations were 
first formed they were not equally spaced, the distance between the 
striae near the anode being only about one-half that between those 
near the cathode. A stria would appear to vanish in the middle of 
the positive column without any visible effect on its neighbors. The 
phenomenon lasted about a minute and was not observed in any sub- 
sequent work. This effect is attributed to nitrogen liberated by the 
electrodes. On commencing the discharge the striae were formed at 
once but were not clearly defined. After about ten minutes they be- 
came quite sharp but in an hour they commenced to degenerate into 
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Fig. 2. Spectrogram of the striated discharge in a mixture of helium and hydrogen. 


the continuous positive column and after two hours the column was 
continuous except for two striations near the cathode end. The current 
was then raised from 10 to 12 milli-amps. and in a few minutes the 
striae returned to their former sharpness. This was repeated several 
times during each washing. No visible change in pressure could be de- 
tected with the McLeod gauge during this degenerating process. All 
traces of nitrogen were finally removed and after leaving the tube 
connected for three hours with the charcoal tube cooled with liquid 
air, the discharge settled down to a steady state, a trace of mercury 
vapor and hydrogen being the only impurities present. A typical 
spectrum of the negative glow and of a striation is shown in Fig. 2. 
Table I gives some of the principal lines and their relative intensities 
measured in these photographs. The notation is that used by Fowler.!® 


10 A. Fowler, ‘‘Report on Series in Line Spectra.” 
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The table shows that the line spectrum of helium is strong in the 
negative glow but it is practically absent in the striation, the only 
series which show any tendency to persist being the 1S—mP and 
la —mé. 


From these sepectrograms we see that the helium lines are strong 
in the negative glow and very weak or absent in the striation. The 
hydrogen Balmer lines however are strong in the striation and weaker 
in the negative glow. This is just the reverse of what is the case when 
hydrogen alone is used.! The mercury lines 5461, 4358 and 4047 are 


TABLE I 


Lines in the spectra of the negative glow and of the striations. Helium and hydrogen mixture. 
Series type Wave-length Negative glow Striation 


1S-2P 5015 Strong Fairly strong 
1S-3P 3965 Weak Absent 
1P-2D 6678 Strong Very weak 
1P-3D 4922 Strong Very weak 
1P-4D 4387 Strong Very weak 
1P-5D 4144 Weak Very weak 


1P-3S 5048 Strong Absent 
1P-4S 4437 Strong Absent 


17-26 5876 Strong Weak 
1x-35 4471 Strong Weak 
1n-46 4026 Strong Absent 


1n-30 4713 Strong Very weak 
11-40 4120 Weak Absent 


Ha 6563 Very weak Strong 
Hé 4861 Fairly strong Strong 


Hg 5461 Strong Strong 
4358 Strong Strong 
4047 Strong Strong 


equally strong in both parts of the discharge. Interpreting these results 
in terms of electronic energies, we see that relatively few electrons have 
energy equivalent to 25.3 volts in the striation but that a large number 
have energy equivalent to 10.4 volts (to produce the mercury lines) and 
15.5 volts to produce the Balmer lines. 

In contrast to the behavior of hydrogen in nitrogen, the Balmer 
lines Ha and H@ in the mixture of hydrogen and helium are much 
fainter in the negative glow than in the striation. Furthermore, the 
two lines in the latter case show a curious reversal of intensity in the 
negative glow. Ha is very faint while HS is much stronger though 
the normal intensity of Ha is greater than that of HS. It appears that 
the presence of helium in some way prevents the excitation of these 
two Balmer lines in the negative glow and enhances them in the stria- 
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tions. Merton and Pilley" have shown that the presence of helium 
at high pressures increased the intensity of the N+ lines in the positive 
column and McLennan and Shrum” found that the presence of helium 
or neon brought out the famous green line 5577 in oxygen. Now we 
have shown that the Balmer lines are affected in the same manner, 
and the same explanation may be applied to their experiments as to 
ours, namely that the inert gases cause a redistribution of the electronic 
energy so that the maximum energy occurs in a region which will excite 
these lines in all three cases just cited. Compton" has given an ex- 
planation of Merton and Pilley’s results as being due to optical ex- 
citation by collisions of the second kind. According to the theory of 
Klein and Rosseland, the probability of such excitation taking place 
decreases as the difference between the energy of the excited atom 
and that required to excite the second atom increases. The difference 
between the excitation potential of Ha and Hf is very small, and, 
though the probability of Hf being optically excited by the excited or 
ionized helium in the negative glow is greater than that of Ha, the 
difference in this probability seems hardly sufficient to account for 
the result that H@ is so much stronger than Ha. Hughes and Klein™ 
have shown that the fraction of the collisions of electrons with atoms 
and molecules which result in tonization increases to a maximum and 
then decreases as the energy of the electrons increases. On the supposi- 
tion that the Ha and Hf lines are excited directly for the most part 
by electrons, this reversal of intensity of Ha and Hf in the negative 
glow would mean that the Maxwellian distribution of energy among 
the electrons in the negative glow has a maximum which has a higher 
energy value that that required to excite the Ha line. In a discharge 
tube using a hot cathode and a mixture of mercury vapor and hy- 
drogen, Turner and Compton" have shown that the arc spectrum of 
mercury is emitted both from the negative glow and from a striation, 
and Compton, Turner and McCurdy" found no trace of the hydrogen 
lines in the striations in a similar experiment, while the Hg bands were 
found in the striations. This is a result similar to the behavior of hydro- 
gen as found in our experiments. Work is being continued using still 
larger discharge tubes and different gasseous mixtures to see how the 


11 T. R. Merton and J. C. Pilley, Proc. Roy. Soc. A107, 411 (1925). 

2 J.C. McLennan and J. M. Shrum, Proc. Roy. Soc. A 108, 501 (1925). 

4 K. T. Compton, Phil. Mag. 50, 512 (1925). 

“4 A. L. Hughes and E. Klein, Phys. Rev. 23, 450 (1925). 

% L. A. Turner and K. T. Compton, Phys. Rev. 25, 606 (1925). 

% K. T. Compton, L. A. Turner and W. H. McCurdy, Phys. Rev. 24, 597 (1924). 
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distribution is affected by the diameter of the tube, the different gases 
present and their relative concentrations. 


CONCLUSION 


1. Spectrograms have been taken of the negative glow and of a 
striation in mixtures of (i) nitrogen and hydrogen (ii) helium and 
hydrogen. 

2. In the case of the nitrogen mixture, the Balmer lines Ha and H8 
and the nitrogen bands 4708 and 4278 appear in the negative glow, 
but are absent from the striation. 

3. In a mixture of helium and a trace of hydrogen the helium 
line spectrum is strong in the negative glow but weak or absent in 
the striations. The hydrogen lines are strong in the striations but 
relatively weak in the negative glow. The mercury lines are strong 
in both parts of the discharge. Ha is much weaker than H§ in the 
negative glow. 

4. A method of interpreting the electronic energies in different parts 
of the discharge from the spectra emitted has been followed. On this 
hypothesis there are relatively few electrons possessing energy equiva- 
lent to 15.5 volts in the striations in the nitrogen mixture. Also in 
the case of the helium mixture, a relatively smail number of electrons 
have energy equivalent to 25.3 volts, but there are plenty with energies 
equivalent to 10.4 and 15.5 volts in a striation. 

5. An explanation of this change in the distribution of the intensity 
of certain lines in mixtures of gases is suggested on the supposition 
of a change in the position of the peak of the Maxwellian distribution 
of energy among the electrons. 


Tue MacDona.p Paysics BUILDING, 
McGILL UNIVERSITY, 
February 15, 1926. 
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THE FORMATION OF NEGATIVE IONS IN MERCURY VAPOR 


By WALTER M. NIELSEN 


ABSTRACT 


The method used is similar to that of Mohler. Electrons, projected along 
the axis of a tube between two plates were prevented from scattering by a 
magnetic field of 350 gauss parallel to the axis of the tube. Negative ions 
formed by the attachment of an electron to an atom or to a molecule were re- 
moved by suitable potentials applied to the side plates. The remainder of the 
current reached a circular plate at the end of the tube. With a small field be- 
tween the side plates, the negative ion current was just barely observeable 
(1X10-° amperes). With higher fields the ion current increased enormously, 
approaching saturation when the potential difference between the side plates 
was increased to between 3 and 4 volts. In this report the ion currents were of 
the order of 9X10-* amperes. The total current was of the order of 1107? 
amperes. 

The ratio between the negative ion and total current decreases with increase 
in the driving potential for low voltages, but increases at 2.7, 4.7, 5.5, and 
8.8 volts. The decrease at low potentials is similar to the results of Mohler 
in other gases and vapors. The cause of the break at 2.7 volts is not known. 
The breaks at 4.7, 5.5, and 8.8 volts are believed to be associated with the 
electronegative properties of the mercury atom having an electron in a metas- 
table orbit. The total current rises rapidly with increase in the driving potential 
and decreases at 4.9 and 6.7 volts. 


INTRODUCTION 


L. MOHLER! has recently published a report on the production 
of negative and positive ions in a number of vapors and gases 
including mercury vapor. He projected a beam of electrons along 
the axis of a cylinder in an approximately equipotential region with 
a magnetic field of 100 gauss parallel to it. He then applied a positive 
or negative potential of one volt to the cylinder, measuring in each 
case the negative or positive current to it. He concluded that under 
the conditions of his experiment, the number of negative ions formed 
at low pressure was small compared to the number of positive ions 
formed above the ionization potential. No negative ions were observed 
in mercury vapor for impinging electrons having speeds less than 
10.4 volts. 

The present investigation is concerned with a somewhat similar 
attempt to study the formation of negative ions in mercury vapor. 
Under conditions which are believed to approximate those in the above 
work, similar results were obtained, but under different conditions, 


* F. L. Mohler, Phys. Rev. 26, 614-624 (1925). 
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results were obtained which are regarded as evidence for the existence 
of negative ions of mercury vapor. 


EXPERIMENTAL APPARATUS 


The apparatus and electrical circuit are shown in Fig. 1. Electrons 
from a filament F were projected along the axis of a Pyrex tube by 
means of a potential Vr between the filament and a diaphram‘ C. 
Two plates, P; and P:, were placed in a skew position as shown. 
Electrons were prevented from reaching them by placing the tube 
in the core of a solenoid so that the lines of force in the region between 
C and a circular plate P; were parallel to the axis of the tube. _ The 


Experimental Circuit 



































Fig. 1. Apparatus and electrical circuit. 


intensity of the field was about 350 gauss. Outside the plates P; 
and P: and next the glass wall was a grounded gauze to eliminate 
extraneous surface potentials. All metal parts with the exception of 
the tungsten filament were of copper. The filament assembly was 
provided with a ground glass joint and mercury seal to facilitate re- 
placement. The source of electrons was a tungsten spiral of one loop 
placed so that its elements were perpendicular to the axis of the tube. 

Galvanometers and suitable sources of potential were connected 
to the plates P:, P:, and P3. V3 was generally a fraction of a volt 
higher than V;, both being positive with respect to C. Under such 
conditions, electrons brought to rest as the result of inelastic collision 
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would be attracted downward and would not therefore have a tendency 
to diffuse from the center of the tube as apparently occurred in the 
experiments of Richardson and Chaudhuri.2 The galvanometer G; 
measured the current 7; due to the negative charges which were able 
to drift to P; in spite of the magnetic field. This current increased 
rapidly with increase in the electric field between the side plates so 
that it was necessary to apply to them a potential difference of between 
3 and 4 volts to attain saturation. The galvanometer G2 was intended 
to measure the positive ion current 72. The galvanometer G; measured 
the negative current 73. 

The vapor pressure in the tube was about .003 mm of mercury, 
a pressure corresponding to the temperature of the mercury seal during 
the observations. 


RESULTS AND DISCUSSION 


With a low filament temperature, readings were taken simultaneously 
of 71, 72, and 73, for different values of the driving potential. In most 
of the present work G: was used to indicate the ionization potential 
only. Dividing the current to P; by that reaching P; and P3, a fraction 
R is obtained which gives the ratio between the negative ion and total 
current. If, as in this report, the negative ion currents are saturation 
currents, this number is proportional to the number of negative ions 
formed per unit electron current. The results are shown by the curve 
of Fig. 2. In this case, V; was 3 volts, V3 was 3.2 volts and V2 was 
zero. The potentials are corrected for initial velocity, etc., assuming 
the ionization potential of mercury to be 10.4 volts. The ion current 
was of ‘the order of 9X10~* amperes and the total current was of 
the order of 1107" amperes. 

The curves shown in Fig. 2, as well as those in Fig. 3 and Fig. 4 to 
follow, are representative of several taken over the same range under 
approximately the same conditions. While the currents vary some- 
what because of differences in the intensity of the magnetic field, the 
critical points are all reproducible with the exception of a kink on the 
ratio curve at 7.7 volts, which did not appear on some of the curves. 
It did not appear on the curve of Fig. 2. It is quite astonishing that 
the breaks are so definite in view of the relatively large potentials on 
P, and P; which would be expected to blur out the effects. The fact 
that changes in these potentials did not produce marked changes in 
the critical points was proved experimentally. A change in the poten- 


* Richardson and Chaudhuri, Phil. Mag. 45, 337-52 (1923). 
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tial difference between P,; and P:2 of 1 volt, lowered the value of Vr 
necessary to produce ionization by .1 volt. 

That the currents observed above are in some way due to the pres- 
ence of the mercury vapor was proved by removing the vapor. Carbon 
dioxide snow was applied to the mercury trap while the tube and con- 
necting glassware were heated. After a few hours it was found that 
the negative ion current had been reduced to such an extent as not 
to be detectable with the galvanometer used. That such observed 
currents are due to electrons which have collided a number of times 
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Fig. 2. Variation of the ratio of negative to total current with accelerating potential. 
1=3.0 volts, V2=0.0 volts, and V;=3.2 volts. 


is quite improbable because of the low vapor pressure and because the 
experimental conditions, to some extent, prevented electron diffusion. 
One would expect that some of the electrons deflected in such a manner 
would have energy corresponding to Vr. To test this point, with Vi 
and V-: equal to zero, and with V; equal to 1.1 volts, it was found that 
- the current to P; was not detectable for all values of Vr below the 
ionization potential. Indeed, it must be emphasized that it was neces- 
sary that V, be of the order of 2 or 3 volts positive in order to attract 
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the negative charges to P; and cause currents of the order of 9X10-° 
amperes as observed above. Whether or not Mohler’s failure to ob- 
serve these negative charges is due to this fact, is not known. In neither 
case do the electric fields lend themselves to computation. With a 
potential of 1 volt positive on P;, the negative ion current was barely 
observable, being about 1X10-!° amperes. The radius of curvature 
of a 10 volt electron traveling initially at right angles to the axis of 
the tube in a magnetic field of the order used is about .6 mm. It seems 
unlikely, therefore, that the increased potential of P; would increase 
electron scattering to the walls. Because of the above facts, it seems 
necessary to believe that it is possible under certain circumstances 
for an electron to attach itself to a mercury atom or molecule. 

The decrease in the ratio curve of Fig. 2 is similar to the effect ob- 
served by Mohler! in other gases and vapors. To explain this, he as- 
sumed that only slowly moving electrons attach themselves to mole- 
cules to form negative ions. At potentials equal to potentials of in- , 
elastic collision he observes an increase in the negative ion current in 
agreement with his theory. Accepting this view, one would expect 
an increase in the ratio curve at 4.9 volts in mercury vapor. That no 
kink was observed, may be due to the fact that the resolving power of 
the apparatus was not sufficient to distinguish it from an effect setting 
in at about 4.7 volts. The increase at 2.7 volts cannot be correlated with 
the critical potentials of the mercury atom. Possibly it is of molecular 
structure, although mercury vapor is generally regarded as monatomic. 
The mercury atom is known to have two metastable orbits correspond- 
ing to about 4.7 and 5.5 volts. The 2; orbit has a computed energy 
of 4.66 volts and the 2p; orbit has a computed energy of 5.43 volts. 
Critical potentials at 4.68 and 5.47 volts have been observed by Franck 
and Einsporn.* There is evidence that an excited atom possesses an 
electron affinity and hence tends to form negative ions.‘ Because of 
these facts, the breaks in the ratio curve at 4.7 and 5.5 volts have been 
interpreted as being critical potentials for the formation of negative 
ions of mercury vapor. The rise in the curve at 8.8 volts may be inter- 
preted to support that view. Franck and Einsporn® list a number of 
levels which they associate with an observed critical potential of 
8.8 volts. The levels 3f;, 3d:, 3d2, 3d3, and 3P have computed poten- 
tials ranging from 8.79 to 8.82 volts. While some of these levels are 


. 


* Franck and Einsporn, Zeits. f. Physik 2, 18-29 (1920). 

* See for example Franck and Grotian, Zeits. f. Physik 4, 89-90 (1921); Compton, 
K. T., Lilly; E. G., and Olmstead, Phys. Rev. 16, 282-289 (1920); Davis, A. C., Proc. 
Roy. Soc. 100A, 599-620 (1922). 
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metastable, those which are not, revert to levels of lower energy by 
the emission of mono-chromatic radiation. In particular, some of them 
will return to the 2p; and 2/3 orbits, making the atom susceptible 
to the formation of a negative ion. An increase in the ratio of negative 
ion to total current would therefore be expected from this view-point 
when the impinging electron is able at collision to remove the valence 
electron to the 3f;, 3d, 3de, 3d3, and 3P levels. Since an additional 
electron is necessary for the formation of a negative ion, it seems quite 
possible that the impinging electron having lost all of its energy, 
would remain attached to the atom or molecule with which it collided. 
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Fig. 3. Variation of total current with accelerating potential. V;, Vs, and Vs, 
same as in Fig. 2. 


























Fig. 3 gives the variation of the total current with the driving po- 
tential. The two breaks in the curve at 4.9 and 6.7 volts correspond 
to the two prominent resonance potentials of the mercury atom. That 
the negative ions were instrumental in decreasing the total current 
is shown by the curves of Fig. 4, which show the variation in the total 
current for different positive potentials on P3;. In A, V3 was 0 volts, 
in B, V3 was 1.1 volts, and in C, V3 was 3.2 volts. The fact that curve 
A shows no breaks may be attributed to the fact that possibly under 
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such conditions very few of the electrons have energies corresponding 
to Vr because of space charge. With higher values of V3, such as with 
Band C, the total current rises more rapidly but then seems to drop off in 
the region in which large numbers of slowly moving ions are formed. 
If now a potential is applied to P,, such as in curve D of Fig. 4 and in 
the curve of Fig. 3, the total current is enormously increased, particu- 
larly in the region of 5 and 6 volts. In the case of curve D, Fig. 4, prac- 
tically none of the negative ions reached P,, although apparently 
some of them have been removed to a more ineffective part of the tube. 
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Fig. 4. Variation of total current with accelerating potential. V,;=0.0 volts, V2= 
0.0 volts, in A, B, and C. In A, V;3=0.0 volts, in B, V3=1.1 volts,.and in C, V?=3.2 
volts. In D, V;=1.1 volts, V;=0.0 volts, and V;=3.2 volts. 


The drop in the curve at 5.5 volts may be associated with the increase 
in the ratio curve of Fig. 2 at about this potential. In the case of Fig. 3, 
however, the abrupt increase in the total current at this potential as 
well as at 8.8 volts are difficult to reconcile with the present inter- 
pretation of the data. 
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It is hoped that work now in progress with a tube of greater resolving 
power will furnish additional information on the current voltage char- 
acteristics of the electron beam and on the nature of the break at 
2.7 volts. 


The writer acknowledges with pleasure the encouragement and 
advice of Professor John T. Tate. 
PuysIcaAL LABORATORY, 


UNIVERSITY OF MINNESOTA, 
February 9, 1926. 
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PROBABILITY OF IONIZATION OF GAS MOLECULES BY 
ELECTRON IMPACTS. II CRITIQUE 


By K. T. Compton Anp C. C. VAN VoorHISs 


ABSTRACT 

Corrections to results of Hughes and Klein. Three sources of error are 
found and approximate corrections for them determined. They are (1) an 
effect of the electric field on the effective area of holes in the grid through 
which the primary electrons pass, which introduces corrections varying from 
— 18 percent at the lowest voltages to +14 percent at 300 volts; (2)presence 
of slow secondary electrons and lack of uniform velocity of electrons in the 
primary electron stream, which necessitate additive corrections ranging from 
30 to 50 percent; (3) warming of the gas by the filament, necessitating an 
additive correction of 12 percent. Correction to our previous results. Owing to 
lack of uniformity of velocities of electrons in the primary electron stream, we 
must add corrections of 24 percent at 45 volts, 11 percent at 100 volts and 
9 percent beyond 125 volts. With these corrections the results from these 
two sets of experiments are in fair agreement. Curves show the final values 
for the probability that an ionizing collision will be made in a cm path in the 
gas at 0.01 mm pressure and 25°C by an electron of any speed up to 400 volts 
in He, Ne, A, He, Nz, Hg, HCl, and also for the probabilities of ionization 
at an impact in these gases. 


EVERAL attempts have been made to measure directly the average 

ionization per centimeter path by an electron moving with known 
speed through a gas at definite pressure, leading to calculations of the pro- 
bability of ionization at a collision as afunction of the speed of the electron 
and the nature of the gas. Of the three recent investigations of this 
subject, two! are in qualitative agreement with each other and with 
earlier work,? while the third* presents unique results. The present 
paper is devoted to an investigation of sources of error inherent in 
the methods which have been used and to the correction of previous 
results. 

In our earlier paper we pointed out that our values for probability 
of ionization could hardly be too large, owing to the rather direct 
method of making the measurements. Since the values reported by 
Hughes and Klein were much smaller than ours (25 to 40 percent), 
we constructed and tested an apparatus built to duplicate as nearly 
as possible the essential features of their apparatus and found inherent 

1 Hughes and Klein, Phys. Rev. 23, 450 (1924); Compton and Van Voorhis, Phys. 
Rev. 26, 436 (1925). 

* Lenard, Ann. der Physik. 12, 474 (1903); 15, 484 (1904); Kossel, Ann. der Physik 


37, 393 (1912); Mayer, Ann. der Physik 45, 1 (1914). 
* Jesse, Phys. Rev. 26, 208 (1925). 
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in their method two considerable sources of error which, together with 
a third error mentioned in our preceding paper, explain the low values 
obtained by them. The filament F, grid G and plate P were similar 
to the electrodes used by Hughes and Klein, but the collector C was 
added for reasons which will be apparent. In particular the holes in 
the grid were made of the same size as those in Hughes and Klein’s 
apparatus. 

Hughes and Klein measured the ionization by the positive ion 
current to P when a field V; greater than the accelerating field V, 
was applied to prevent the primary electrons from the filament from 
reaching it. In order to measure the primary current through the grid, 
they reversed the field V; into the direction V2 and measured the 
electron current to P. This current increased slowly linearly with V2 
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Vv, 
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Fig. 1. Apparatus for measuring probability of ionization by the method of Hughes 
and Klein. The collector C was added to permit measurement of primary electron 
current. 
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for values of V2 greater than V., and they assumed that by extra- 
polating this back to the field V; they would find the primary current 
through the grid for the field Vi. 

Now this variation of electron current to P with V2 is due in part 
to the action of the field on the effective open area of the holes in the grid. 
In other words, a large field V2 will pull through the holes some elec- 
trons which, with smaller fields, would have struck the grid near these 
holes. A consideration of the geometry of the electric field near such 
holes suggested that the relation between current and field Vz should 
be nearly linear only for large values of V2 and that linear extrapolation 
through V.=0 to the oppositely directed V; is unjustifiable. 

To measure the error introduced by Hughes and Klein’s extrapola- 
tion method, we measured directly the primary current through the 
grid, with the field V; just so large that no electrons reached P, by 
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measuring the current to C which was kept at the same potential as 
the grid G. Then with the same fixed value of accelerating field Va, 
the current to P was measured for various values of field V2, as was 
done by Hughes and Klein. The results are shown in Fig. 2 in which 
A is the direct measurement whereas B is the value which would have 
been taken by the extrapolation method of Hughes and Klein. It 
should be noted that the direct measurement is too small, because 
some of the primary electrons return again through the hole in C and 
are not detected. The hole in C had an area of about 10 percent of 
the whole area of C and we think that 15 percent is probably an upper 


350 


00 
~ 


50 100 150 200 250 300 350 400 
V2 ~ Va 
Fig. 2. Effect of retarding or accelerating field on the number of electrons passing 
through the holes in G. A is the actual primary electron current with sufficient retarding 
field to prevent electrons from reaching plate. P is this current corrected for loss through 
the hole in C. B is the current as estimated by Hughes and Klein. 


limit to the fraction of the primary electrons which thus escape. Thus 
the true primary current effective in the ionization experiments should 
be about that indicated by P instead of B. Similar tests were made at 
various accelerating fields V,. The curve I of Fig. 3 indicates the ap- 
proximate corrections which should be made to Hughes and Klein’s 
results at various voltages to take account of this source of error. 
Considerably more serious is an error dué to the fact that the primary 
electron stream, thus measured, contains a large proportion of slow 
secondary electrons from the grid, which contribute little or nothing 
to the ionization. The existence of large numbers of slow secondaries 
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in this type of apparatus was demonstrated recently by Lehman and 
Osgood.‘ We made tests of the distribution of velocities of the electrons 
passing through the grid, by measuring the current to P for various 
retarding fields V,; between 0 and V., and repeated this at various 
values of the accelerating field V.. Without showing these curves, 
the following results may be stated as clearly indicated: (1) There is 
an ineffective group of secondaries amounting to about 15 percent 
at 50 volts, 22 percent at 98.5 volts, 33 percent at 151 volts, 40 percent 
at 202 volts and 42 percent at 290 volts. (2) The remaining effective 
group of electrons at each accelerating voltage is fairly homogeneous, 


0 30 60 30 120 150,, 180 210 240 270 300 330 


Va 


Fig. 3. Curve I gives corerctions to be applied to results of Hughes and Klein on 
account of the effect of the field on the number of electrons passing through the grid. 
Curve II gives the corrections to results of Hughes and Klein due to inhomogeneity of 
the primary electron beam. Curve III gives the correction due to the same cause applic- 
able to the experiments of Compton and Van Voohris. 


in that most of them have nearly the energy corresponding to the ap- 
plied field, but there is always an appreciable group with variously 
diminished energies. 

It is clearly incorrect, therefore to assume, as did Hughes and 
Klein, that every electron found in the primary beam has energy 
corresponding to the accelerating field. It is necessary first to subtract 
the ineffective group of slow secondaries and then to make a step by 
step correction to take account of the velocity distribution among the 
remaining electrons which are able to ionize. These corrections to 
Hughes and Klein’s results may be made to at least the right order of 
magnitude by use of curve II, Fig. 3. The ordinate at any voltage V, 


¢ Lehman and Osgood, Proc. Camb. Phil. Soc. 22, 731 (1925). 
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is the percentage of Hughes and Klein’s value of probability of ioniza- 
tion at voltage V.—6 (where 6 is the number marked on the curve) 
which should be added to their value for voltage V, in order to give a 
value of this probability at voltage V., which is thus corrected for the 
neglect of the inhomogeneity in the velocities of electrons in the primary 
beam. 

For example, at V,=150 volts, the correction to Hughes and Klein’s 
probability of ionization, from this cause, is the addition to their value 
for 150 volts of 46 percent of their value for 150—25 or 125 volts. 

Finally, as we suggested in our previous paper, Hughes and Klein 
neglected the decrease in gas density in the region of ionization caused 


100 


100 150 200 250 300 
Ve 
Fig. 4. Curve showing velocity distribution in primary electron beam in experi- 
ments of Compton and Van Voorhis. 


by the warming of the gas by heat from the filament. In our experi- 
ments this amounted to a rise of about 25°C above the temperature 
of the room. The electrode arrangement of Hughes and Kein would 
indicate rather greater warming than in our apparatus. As a guess, 
which is probably fairly accurate, we may take the gas temperature 
in their experiments to be 60°C, which necessitates an increase of 
about 12 percent in all their values of probability of ionization. 

Thus, to all probabilities reported by Hughes and Klein, should be 
added three corrections whose values are given approximately as fol- 
lows: (1) a correction for variation in effective size of grid holes given 
by Fig. 3, curve I; (2) a correction for secondary electrons and velocity 
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distribution of primary electrons given by curve II; (3) a correction 
of 12 percent for the warming of the gas by the filament. 


Turning now to the values which we previously reported, we may 
note that the first and third corrections described in the preceding 
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Vs 


Fig. 5. Curves showing the number N of ionizing collisions made per cm path 
through gas at 0.01 mm pressure at 25°C. 


paragraph do not need to be considered, since they were eliminated 
or allowed for in our original experiments. We did not, however, suf- 
ficiently consider the second source of error,—that due to velocity 
distribution in the primary electron stream. We have, therefore, 
measured the velocity distributions for various accelerating fields V, 
in our original apparatus, with results shown in Fig. 4. The collecting 
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field V, held back all secondary electrons, so that we were not sub- 
jected to error from the phenomenon described by Lehman and Osgood 
The lack of homogeneity in our electron stream, however, leads to the 
necessity of a correction to our previous results of an amount shown in 
Fig. 3, curve III, which was derived from velocity distribution curves 
like those in Fig. 4, by the same method employed in obtaining curve II 


——- ] 





50 IS0 200 250 300 350 
Vs 


Fig. 6. Curves showing probability of ionization at a collision as a function of 
the speed of the impacting electron in volts. 


for Hughes and Klein’s results. Thus, for instance, we must add to our 
previous value for the ionization by 150 volt electrons, 8.5 percent of 
our value at 142 volts. 

That the values finally arrived at in this way are fairly accurate is 
indicated by a comparison of our corrected results with the corrected 





IONIZATION OF GAS. MOLECULES BY ELECTRON IMPACT 731 


results of Hughes and Klein, as shown in Table I. In view of the magni- 
tude and approximate character of the corrections in the latter case, 
we believe the agreement is satisfactory. 


TABLE I 


Comparison of probabilities of ionization from corrected results 
of Compton and Van Voorhis and of Hughes and Klein. 








Va Helium Neo Argon Hydrogen Nitrogen 
(volts) C&VVH&K C&VWH&K C&WH&K C&VVH&K C&VVH&K 


-115 .109 -083 .080 -430 .434 .259 .262 -310 .333 
197.155 -181 .183 -500 .496 .310 .286 425 .457 
.227 .201 209 200 490 .527 -303 .291 457.502 
.219 .175 -274 .244 -436 .473 .259 .230 -430 .422 











In Figs. 5 and 6 we give the final corrected values calculated from our 
experiments. The values of electronic mean free paths used in calculat- 
ing the probabilities shown in Fig. 6 are, for 1 mm gas pressure at 
25°C, He(0.1259), Ne(0.0787), A(0.045), H2(0.0817), N2(0.0425), 
Hg(0.0149), HC1(0.0322) in cm..- 

Finally we have made some attempts to reconcile with these results 
the values reported by Jesse.? The complicated geometry of the electric 
fields, the existence of secondary and perhaps tertiary electron emission 
and the presence of the exposed insulating walls of the glass vessel 


have all been shown to introduce complicating effects, so that we have 
not succeeded in showing how his results may be brought into agree- 
ment with the others. Jesse cites evidence to show that his second 
“maximum” is spurious. Neglecting this, his results are in rough agree- 
ment with ours, as was shown in our earlier paper. 


PALMER PuysIcAL LABORATORY, 
PRINCETON, N. J. 
March 1, 1926. 
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THE IONIZATION OF OXYGEN BY ELECTRON IMPACT AS 
INTERPRETED BY POSITIVE RAY ANALYSIS 


By T. R. HoGNngss Aanp E. G. LUNN 


ABSTRACT 


Using an apparatus previously described, in which ions formed by impact of 
electrons of definite energy are analyzed by Dempster’s positive ray method, 
the relative numbers of 0,*+ and 0,* are measured at different pressures and 
electron energies. Over a range of pressure from <10~ to 10-? mm of mercury 
in pure oxygen, and over a large range of partial pressures of oxygen in mixtures 
with helium and with argon, the ratio 0,+/0,+ remains practically constant. 
Evidence is thus given that 0.+ and 0,* are formed by independent primary 
processes and, therefore, that an impact electron of sufficient energy can either 
ionize the molecule and form 0,* or dissociate the molecule forming 0,+. The 
ionization potentials were determined: 02=02++e; 13 volts and 02=0,++0+e; 
20 volts. The latter, together with the ienizing potential of atomic oxygen, 
gives 6.5 volts (150,000 cal. per mol) for the heat of dissociation of oxygen 
Both molecular and atomic negative ions were found. The above results are 
correlated with band-spectra data, with the recent theory of Franck on disso- 
ciation by absorption of radiation, and with the structure of the oxygen mole- 
cule. 


HE following paper discusses experiments on oxygen made with 
the previously described!* method for the positive ray analysis of 
the products of electron impact ionization in gases. 


EXPERIMENTAL DETAILS 


The apparatus was that previously employed, except that the slits 
were narrowed to permit the use of higher pressures in the ionization 
tube, and to increase the resolving power. The increased resolving 
power was necessitated by the impossibility of freeing the oxide- 
coated platinum filament from all traces of residual gases, and the con- 
sequent appearance of peaks due to these impurities; these peaks, 
though small, would, with lower resolution, merge into the oxygen 
peaks and vitiate the measurements of their intensity. The ions of 
these impurities are presumed, from their specific charges, to be: 
Hgt, CaOt, CO.+, 30=?, 29=?, Nat, 20=?, 19=?, H,O+, OH*, Ot, 
15=?, N+ and C+. With the slits narrowed to 0.28 mm these peaks 
are sharp and well separated. The mercury peak disappears after 
liquid air has been on the traps for some days, while the other peaks 
either disappear or become negligibly small after prolonged heating 
of the filament. Judging from the peak intensities obtained in previous 
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work with very low pressures of hydrogen? and nitrogen,* the partial 
pressures of the above impurities were <10-* mm of mercury, except 
in those experiments in which the highest filament temperatures were 
employed. 

The oxygen was prepared by electrolysis of aqueous barium hydroxide 
and was dried with phosphorus pentoxide. Before entering the ioniza- 
tion tube it passed through a liquid air trap. 

Positive ions. As shown by the figure, the relative intensity of the 
ions O,+ and Ot, as measured by the ratio of the peak intensities, 
remains practically constant over a range of pressure from <10-° 
to 10-* millimeters of mercury. Evidence is thus given that O,*+ and 
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40 60 
Pressure of O, x 10* Mm. Hg 


Fig. 1. Precentage of 0,*+ and 0.* as a function of pressure. 


O,* are formed by independent processes, and hence that an impact 
electron of sufficient velocity can either produce an O,* ion which 
does not dissociate on collision with gas molecules: 


O.=O.t+e ’ (1) 


or it can dissociate the molecule and ionize one atom as the primary 
process : 


O,=0;++0+e ° (2) 


The slight increase in the percentage of Of at the higher pressures 
is probably due to the formation of these ions from the impurities, 
for, owing to a specific inhibiting effect of oxygen on the emission of 
electrons from an oxide-coated filament,‘ it was necessary to raise the 
filament to a high temperature and hence to increase the concentra- 
tion of those foreign gases which, on ionization, produce O,*-ions. 

The relative intensities of O,;+ and O,+ were found to be nearly in- 
dependent of other experimental conditions, such as the partial 

1 Hogness and Lunn, Proc. Nat. Acad. Sci. 10, 398 (1924). 

2 Hogness and Lunn, Phys. Rev. 26, 44 (1925). 


* Hogness and Lunn, Phys. Rev. 26, 786 (1925). 
* Koller, Phys. Rev. 25, 671 (1925). 
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pressure of oxygen in mixtures with helium and with argon, and the 
speed of the positive ions in the ionization chamber. 

In mixtures of oxygen with helium and with argon the percentage 
of O,+ was found to be only slightly larger than in pure oxygen, and 
this slight increase is probably caused by O,* ions from the impurities 
due to the high filament temperature made necessary by the small 
partial pressure of the oxygen. With argon in the tube, peaks of specific 
charges 40 and 36 (referred to 0 = 16) appeared, thus confirming Aston’s® 
evidence on the isotopy of argon. 

The relative intensities of O,+ and O-* are practically independent 
of the energy of the impact electron from 50 to 200 volts; above 200 
and up to 600 volts, increasing this energy gradually decreases the 
percentage of O,+. Similarly, varying the speed of the positive ions 
in the ionization chamber by changing the field Vs from 0 to 31 volts 
does not change the intensity ratio appreciably. 

Ionization potentials. The ionization potentials for the formation 
of O.+ and O,+ were determined by comparing their disappearing 
potentials with that of helium in essentially the manner previously 
described.2, Oxygen was mixed with helium in the reservoir until the 
“saturation’”’ intensities of He+ and O.*+ were the same, and the dis- 
appearing potentials compared; the concentration of oxygen was then 
increased until the Het+ and O,;+ “saturation” intensities were equal, 
and the disappearing potentials of these ions were then measured. 
Taking 24.5 volts as the ionization potential of helium,* the mean of 
six determinations gave 13 volts as the ionization potential for the 
formation of O,+ and 20 volts for the formation of O,;+. 

Negative ions. On reversing the magnetic field and the electrical 
fields Vs; and V4, the negative ions O.~ and O,~ were observed. These 
had previously been found by J. J. Thomson.’ The atomic ion was the 
more intense under all conditions studied; but the intensities of both 
O,~ and O;~ were so small as to preclude the possibility of their forma- 
tion being related to the positive ion process. 


DISCUSSION 


The ionization of oxygen has been studied by McHenry* and by 
Smyth.® McHenry used Thomson’s positive-ray apparatus and hence 


5 Aston, Phil. Mag. 39, 611 (1920). 

* Lyman, Science 56, 167 (1922). 

7 J. J. Thomson, Rays of Positive Electricity, p. 71. 
8 McHenry, Phil. Mag. 45, 433 (1923). 

® Smyth, Proc. Roy. Soc. 105 A, 116 (1924). 
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experimental conditions that make difficult any comparison of his 
results with those above. The present results differ somewhat from 
those of Smyth. His published curves show a larger percentage of 
O,* than was found above; this is perhaps due to the presence of N,* 
and other impurities not resolved by his apparatus. The ion of ap- 
parent m/e=8, which Smyth observed, was probably not O**. In 
the present work its peak appeared as a very broad one of small height— 
indicative of formation by some secondary process, such as the dis- 
ruption of an O,+-ion which had fallen through the full analyzing field.'® 
The above experiments show no evidence of the discontinuity in the 
ionization curves at 450 volts found by Smyth. His measurements 
gave 15.5 and 23.0 volts as the ionization potentials. We believe 
Smyth’s values for these ionization potentials to be in error, owing, 
perhaps, to incorrect initial velocity corrections; but their difference 
(23.0—15.5=7.5 volts) agrees well with that (7 volts) found above. 

Of the several determinations of the ionizing potentials of oxygen" 
only that of Mackay” shows ionization as low as 13 volts; he found 
two potentials at 12.5 and 16.1 volts. Studying low voltage arcs in 
oxygen, Lockrow and Duffendack™ found critical potentials at 16.1 
and 19.5 volts. The lower, that at which the arc broke, they ascribed 
to the formation of O,*; the upper, a critical potential for changes in 
the spectrum, was attributed to the formation of O,+ by the process 
O.=0,++0-+¢e. The lower potential of Mackay and the upper one 
of Lockrow and Duffendack are thus in good agreement with those 
found above for the formation of O.* and of O,* respectively. 

From the evidence based on the magnetic and chemical properties 
of oxygen, G. N. Lewis has given :6::0: as the schematic structure 
of the oxygen molecule—a molecule then with two unpaired electrons. 
Now Saunders" has pointed out that atoms with unpaired electrons 
have low ionizing potentials, the tendency of electrons to pair resulting 
then in the observed alternation in the value of the ionization potentials 
of the elements with increase in atomic number; Mulliken" and Birge!” 
have suggested an analogy between the energy levels of atoms and of 


10 See Smyth, Phys. Rev. 25, 452 (1925). 

11 For a summary of these see Compton and Mohler, Bull. Nat. Res. Council, vol. 9, 
part 1, Critical Potentials. 

2 Mackay, Phys. Rev. 24, 319 (1924). 

18 Lockrow and Duffendack, Phys. Rev. 25, 110 (1925). 

“4 G. N. Lewis, Chemical Reviews 1, 231 (1924); J. Am. Chem. Soc. 46, 2027 (1924). 

% Saunders, Science 59, 47 (1924). 

% Mulliken, Phys. Rev. 26, 561 (1925). 

17 Birge, Nature 117, 300 (1926). 
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molecules. It might therefore be anticipated that, because of the two 
unpaired electrons in the oxygen molecule, the ionization potential 
of oxygen would be lower than that of nitrogen. Experiment shows 
this to be the case. It might be expected, too, that oxygen, containing, 
as it does, three distinct kinds of electrons (bonding, unpaired—non- 
bonding, and paired—non-bonding) would have two ionization po- 
tentials in addition to that for the disruption of the molecule. Now 
Mackay” did find two lower ionization potentials. From this point 
of view the lower one (12.5 volts) perhaps corresponds to the ejection 
of an unpaired electron, the upper one (16.1 volts) to the ejection of a 
paired—non-bonding electron.* 

The difference in the processes by which the atomic ions are formed 
in the ionization of oxygen and of nitrogen suggests correlating these 
processes with the recent theory of Franck!® on the dissociation of 
molecules by the absorption of radiation. Franck assumes that the 
absorption of a light-quantum results only in an electron transition 
and that the nuclear separation remains unchanged at the moment of 
this transition. With the electron in a new energy level the nuclei 
then find themselves held together by a different binding energy; 
this different binding energy gives rise to a different amplitude and 
hence, a different frequency of vibration. He further assumes that 
there is a limiting distance of approach of the nuclei, beyond which 
there will be sufficient repulsion to cause disruption, and as the binding 
force is weakened, i. e., as the equilibrium positions of the nuclei are 
more widely separated, this limiting distance of approach becomes 
greater. If then, as the result of an electron transition, the equilibrium 
positions of the nuclei are suddenly at a greater distance apart than 
before, the two nuclei may, at the moment of transition, be beyond 
the limiting distance of approach and hence disruption will follow. 
Dymond” found this to be the case in iodine, and Birge and Sponer?® 
have recently found this to be true of oxygen as well. Professor Birge 
has informed us that ionized oxygen in the excited state corresponding 
to about 20 volts energy has a much slower vibration frequency than 

* The O,* (20 volts) which spontaneously breaks down into O and O+t may be 
regarded as being either an O,+ with a remaining electron excited, or an O2* with a 
different kind of electron (bonding) removed from that produced at 13 volts. In our 
work on nitrogen the latter view was assumed, while Sponer has since suggested the 
former. The evidence favoring Dr. Sponer’s suggestion is that but one series limit for the 
electron levels in nitrogen is known. Naturwiss. 13, 275 (1926). 

18 J. Franck, Trans. Faraday Soc., 1925. 

19 Dymond, Zeits. f. Physik 34, 553 (1925). 


#0 Birge and Sponer Abst. 13, Stanford Meeting; Birge, Abst. 14, ibid.; Birge and 
Sponer (to be published in full). 
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the normal state; this means that the equilibrium positions are at 
greater nuclear separation. Very probably then, the mechanism as- 
sumed by Franck for dissociation by absorption of radiation and by 
electron impact applies to this case of dissociation. Nitrogen does not 
show this same difference in vibration frequencies in the normal and 
ionized states, so that the nitrogen nuclei would not be beyond the limit 
of closest approach in the Nz+ ion produced at 24 volts* and no spon- 
taneous dissociation would follow. 

It may be recalled that in the case of hydrogen? and nitrogen*® the 
measurement of the ionization potentials for the formation of H,* 
and N;,* respectively could give only upper limits to the heats of dis- 
sociation as the atomic ions are formed by secondary processes. In 
the case of oxygen, however, since O2,+ is formed by a direct process, 


the heat of dissociation of oxygen can be calculated unambiguously. 
For 


O.=0,7+0O+¢; 20 volts (3) 
O =O;*+e =; 13.5 volts” (4) 


which, by subtraction, gives 6.5 volts or 150,000 calories per mol 
as the heat of dissociation of oxygen. The possible limits for the heat 
of dissociation of oxygen as set by critical potential measurements 
have been discussed by Wulf. * Owing to a lack of interpretation of 
those measurements the limits were rather wide—56,400 and 137,400 
cal. per mol. The latter agrees within the experimental error with 
that found above, and the new limits are set by the limits of accuracy 
of the determination of the ionization potential. No claim is made for 
great accuracy in the above critical potential measurements. As pre- 
viously done we might make a conservative estimate of +1 volt, 
although the maximum deviation of our few values from the above 
means was 0.4 volt. Born and Gerlach,” following a suggestion of 
Franck and Grotrian, and utilizing Warburg’s* measurement of the 
long wave-length limit for the formation of ozone, have calculated the 
heat of dissociation of oxygen to be 162,000 cal. per mol. Since we 
obtained our value of 6.5 volts, Birge and Sponer have calculated the 
heat of dissociation from data derived from band-spectra. The con- 
cordance of their value of 7.05+0.03 volts (162,600+700 cal.) with 
those of two such very different experimental methods suggests strongly 


*1 Hopfield, Phys. Rev. 21, 710 (1923). 

2 Wulf, J. Am. Chem. Soc. 47, 1944 (1925). 

* Born and Gerlach, Zeits. f. Physik 5, 433 (1921). 

* Warburg, Sitzungsber. d. preus. Akad. d. Wiss., Math-phys. KI. 1914, p. 872. 
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the fundamental correctness of the assumptions underlying these 
methods. 

Throughout the above paper it has been tacitly assumed that the 
ion of m/e=16 was O,;* and not O,++. It is now seen that the chief 
justification for this assumption is that it is consistent with the spectro- 
‘scopic observations of Lockrow and Duffendack," and that it leads to 
a consistent value for the heat of dissociation of oxygen. Professor 
Birge has sufficient data to assure us that the energy of formation of 
O,*+ is greater than 20 volts. The ion appearing at 20 volts can there- 
fore be only O;*. 

In conclusion, the authors wish to express their thanks to Prof. 
R. T. Birge and Dr. H. Sponer of the Department of Physics for making 
available a large amount of unpublished results, as well as for their 
kindly interest in the progress of this work. 


DEPARTMENT OF CHEMISTRY, 
UNIVERSITY OF CALIFORNIA, 
March 23, 1926. 
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ANALYSIS OF POSITIVE IONS EMITTED BY A NEW SOURCE 


By Henry A. Barton,* GAyLorp P. HARNWELL, AND C. H. KuNSMAN. 


ABSTRACT 


Certain iron oxide crystals containing about one percent of some alkali 
metal or alkaline earth have been developed by the Fixed Nitrogen Research 
Laboratory for use as catalysts in the synthesis of ammonia. It has been 
found that these substances also have great experimental utility as constant and 
abundant emitters of positive ions. The writers have tested various methods 
of mounting and heating these emitters. They have also analyzed their 
emission by the use of a mass spectrograph which has been described by 
Smyth. Separate catalyst samples containing respectively Na, K, Rb, Cs, 
Mg, Ca, and in one case both Ba and Sr have been shown in this way to emit 
only the corresponding singly charged positive ion. No doubly charged ions 
were observed, nor any ions of the other elements composing the catalysts. 
The alkali metal ions were emitted at lower temperatures than the alkaline 
earth ions. Particularly in the case of the latter, a preliminary treatment con- 
sisting of reduction at red heat in an atmosphere of hydrogen increased the 
emission. 

Emission from hot platinum was also observed consisting of Na* and 
K* ions. This was a surface effect and diminished rapidly with time. 


INTRODUCTION 


UNSMAN! has described a new and convenient source of positive 

ions which is finding many uses in experimental research. This 
source consists of heated crystal granules of certain catalysts developed 
for the synthesis of ammonia at the Fixed Nitrogen Research Labora- 
tory in Washington. Briefly, these consist of a fused mixture of iron 
oxide and about one percent of an oxide of an alkali metal or alkaline 
earth, with sometimes the addition of about one percent of aluminium 
oxide. The method of preparation? and an x-ray analysis’ of the crystals 
have recently been published. 

When the crystals are heated they emit positive ions in large num- 
bers. If they are further prepared by reduction in an atmosphere of 
hydrogen and then glowed and degassed in a good vacuum, the positive 
ion current is quite constant. This current in a high vacuum is a func- 
tion of temperature and accurately obeys Richardson’s equation, 
I=AT"/*e-*/T for thermionic emission. More recently Kunsman has 


* National Research Fellow, Harvard University. 

1 Kunsman, Science, 62, 269 (1925). 

* Larson and Richardson, J. of Ind. Chem. 17, 971 (1925). 

* Wyckoff and Crittenden, J. Am. Chem. Soc. 47, 2866 (1925). 
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considerably extended his investigation of the thermionic properties.‘ 

For precise experimental work using this type of positive ion source, 
it is, of course, highly important to have full knowledge of the nature 
and homogeneity of the ions emitted. The present paper describes 
a positive ray analysis undertaken primarily to answer this question. 
Seven samples were investigated, being iron oxide crystals as described, 
and containing, respectively, caesium, rubidium, potassium, sodium, 
magnesium, calcium, and, in one sample, both barium and strontium. 


APPARATUS 


The experimental arrangement® is shown schematically in Fig. 1. 
Some of the sample source under investigation was mounted on a 
platinum filament at F, this being supported by the leads (not shown) 
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Fig. 1. Apparatus. 


which carried the heating current. The arrangement of slits, electric 
and magnetic fields is obvious. P was connected to a Compton elec- 
trometer. A mass spectrum was obtained by progressively varying V 
with H constant and observing the electrometer current. In most of 
the experiments the field strength was about 4400 gauss and V was 
varied from 0 to 400 volts. Sz: and S; were 6 cm apart. A vacuum of 
better than 10-* mm of Hg was maintained throughout. The best 
resolution obtained was not sufficient to separate isotopes, but easily 
distinguished ions of elements in different rows of the periodic table.*® 

* Kunsman, to be published shortly. 

5 The tube used was that described by Smyth, Phys. Rev. 25, 452 (1925), except that 
two of the electrodes were removed and the evacuating arrangements simplified. 


* In two runs the potassium peak indicated by its shape that_little more resolving 
power would have been needed to separate the two isotopes at 39 and 41. 
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In the course of the experiments four different methods of mounting 
and heating the catalysts were used. At first the tube was so 
oriented that the filament and slit S; were in the same horizontal plane, 
a trough with an open side towards S; could be used. Later the ar- 
rangement was changed so that F was above S; as shown in Fig. 1. 
It was then necessary to turn the trough open side up so as not to spill 
out the granules and provide small perforations in the bottom for the 
emission. This method proved less satisfactory, so a narrow, twisted 
strip of platinum was next mounted and covered as completely as 
possible with a coating of pulverized catalyst granules. The coating 
was put on with the aid of paraffin as a vehicle in the same manner as 
is frequently used in the preparation of oxide coated filaments, the 
paraffin being vaporized by heating, once the active material is in place. 
This method has the valuable advantage of providing a large emitting 
surface. 

Although the last mentioned method proved very satisfactory for 
the alkali metal catalysts, a fourth type of filament was used for those 
containing alkaline earths. Difficulty was found in coating strip fila- 
ments with these. They did not seem to adhere as well as the alkali 
metal samples. This resulted in an uneven coating so that the heating 
along the filament was not uniform. Owing to the greater temperatures 
which had to be used to obtain emission in these cases, this difficulty 
shortened the life of the filaments considerably. The type of filament 
finally adopted consisted of a thin-walled platinum tube with small per- 
forations in the side toward 5S, to allow ion emission. This was filled with 
a finely granulated sample of catalyst and the ends squeezed together 
to keep it in. The alkaline earth and rubidium samples were in- 
vestigated in this way. 

All of the filaments were less than 1 cm in length. They required 
heating currents ranging from 4 or 5 amps. for the twisted strip type 
to 15 amps. for the tube type. 


ALKALI METALS 


Mass spectra of the emission from the four alkali metal samples 
are given in Fig. 2. The ordinates, representing electrometer current, 
are arbitrary and not comparable from one curve to another. This 
arises from the fact that the electrometer current depended upon the 
pressure of gas in the path of the ions (which caused scattering), the 
effective area of the granules mounted on the filament, and the exact 
position of the latter. It was not possible to have these always the same. 
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Furthermore no means were available for measuring the temperature 
of the filament. 

Caesium (132.8). The mass spectrum of the caesium sample shows 
a large diffuse peak corresponding to Cs+ ions. The resolution of the. 
apparatus is not as good for heavy ions as for light, which chiefly 
accounts for the width of ;this peak. It is also characteristic of the 
apparatus that the peak shades off toward lower m/e values. It is 
quite possible, however, that the shoulder just above 80 is due to Rbt 
impurity. The curve was extended below 50 and very large K+ and 
Na* peaks observed. These have not been indicated in the figure 
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Fig. 2. Mass spectra of catalysts containing alkali metals. 


because it was later definitely established that they came from the 
platinum filament itself or from a contamination on it from previous 
samples. Later a new filament was prepared and tested for Kt and 
Nat before being coated. After this had been coated with some of the 
caesium sample, a large Cs+ peak was obtained with little or no Kt 
or Nat. 

Rubidium (85.5). The emission from this sample was at first small. 
After reduction by the same method as will be described in connection 
with the alkaline earth samples it was much better. The curve in 


Fig. 2 shows a run then taken, the only impurity being a small amount 
of Kt. 





POSITIVE IONS FROM A NEW SOURCE 743 


Potassium (39.1). The curve shows remarkable freedom from the 
other alkali metals as impurities.’ 

Sodium (23.0). The curve of this sample shows a very sharp prin- 
cipal peak indicative of the resolution obtainable at the lower end of 
the m/e scale. The K impurity was much more pronounced when the 
filament was first heated, then diminished rapidly and was still di- 
minishing when the curve was taken. It was probably due chiefly to 
emission from the platinum, of which more will be said below. In the 
portion of the m/e scale through which a broken line has been drawn, 
rates of electrometer deflection were not timed. They were observed 
carefully, however, and it may be said definitely that no peaks com- 
parable with the K* peak were to be found. 


ALKALINE EARTHS 


Mass spectra obtained from the catalysts containing the alkaline 
earths are shown in Fig. 3. As mentioned above, it was found neces- 
sary to go to higher temperatures to obtain characteristic positive ion 
emission from these substances. Also the emission was greatly increased 
if they were submitted to a preliminary period of reduction. This was 
done by mounting the filament in an atmosphere of hydrogen at about 
1 cm pressure and heating at a redness just above visibility for about 
24 hours. It is possible that the continued heating altered the condi- 
tion of the sample as well as reducing the surface. Samples so prepared 
were found to emit singly charged positive ions of the alkaline earths, 
but in almost all of the runs, certain impurities of sodium and po- 
tassium were found which never completely disappeared with time. 

In Fig. 3 two characteristic curves are plotted for each sample. 
The curve marked I represents one of the first runs, which was taken 
at a low temperature. The procedure then was to increase the tem- 
perature and, after a certain lapse of time, to allow conditions to reach 
a possible state of equilibrium, another run was taken. This process 
was continued until the filament burned out or the leads became dan- 
gerously hot. The curve marked II is a representative run taken at the 
highest temperature obtainable. The comparative temperatures were 
judged entirely by the current passing through the filament. The time 
elaspsing between runs I and II varied with the samples but was of 
the order of several hours. The impurities were found to decay very 
rapidly with time, probably exponentially. The ordinates of the curves 


7 This curve was taken some months before the rest of the work was done. It was 
mentioned by Kunsman. (Ref. 1.) 
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of the different substances are again not comparable because the con- 
ditions, particularly the temperatures, were not identical. 

Barium (137.37) and Strontium (87.63). Curve I shows no evidence 
of anything but Nat and K*t which were evidently present as impurities, 
probably, to a very large extent, coming only from the platinum. 
Curve II shows a very small peak at K*, a distinct but very broad 
peak at Sr+, and a very large peak at Bat. The Sr+ peak is surprisingly 
small relative to the Bat peak, the reason for this being uncertain. 
No evidence of Sr++ or Bat+ was found. 
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Fig. 3. Mass spectra of catalysts containing alkaline earths and of bare platinum. 





Calcium (40.07). Curve I shows only a K+ peak. Curve II shows 
a very slight Na* peak, a large peak for Ca*+ and a peak of about one- 
third the height of Ca*, for Ba+. An incomplete run at a slightly higher 
temperature was obtained in which the Ba* peak rose relatively to the 
Cat*+ peak. Again no evidence of Ca++ or Bat+ was obtained. 

The rather small shift of the principal peak toward higher m/e 
in passing from low to high temperatures is perhaps not sufficient in 
itself to justify the statement that the K+ emission is replaced by Cat. 
There is good reason to believe, however, that this shift is genuine. 
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Furthermore, other evidence is quite in favor of the existence of Cat 
emission. For example, this ‘shifted’ peak remained approximately 
constant at any given temperature, whereas in all cases where K+ 
was present as an impurity, the peak corresponding to it diminished 
rapidly with time. These facts together with the undoubted emission 
of the other alkaline earths are considered conclusive evidence for the 
existence of Ca* emission. 

Magnesium (24.32). Curve I shows a small Na*+ peak and a very 
large Kt peak. In the following runs the K* fell in comparison with 
the Na* peak and they both dropped off with time at constant tem- 
perature. In the run at the highest temperature obtained the Nat 
and Mg?* peaks were distinctly resolved. The filament burned out 
before the region containing the K+ peak could be examined. In sub- 
sequent runs the filament never lasted long enough at a temperature 
sufficient to produce Mgt to examine in detail the other regions, but 
no evidence of anything but a K+ peak was discovered. Voltages high 
enough to cover the region where Mgt+ would lie were not used. 


Ions From PLATINUM 


The first few runs with the potassium sample of catalyst showed 
sodium ions also present. Subsequent runs using the same filament 
charged with caesium catalyst showed sodium and potassium in addi- 
tion to caesium ions. The filament was taken out and chemically 
cleaned. It was then replaced and found to emit sodium and potas- 
sium ions as before but the caesium had been quite removed. The 
filament was taken out a second time and heated white hot in a blast 
flame to volatilize any traces of alkali metals left on the surface by 
the catalyst samples. In spite of this the sodium and potassium ions 
still persisted. A new platinum strip was then mounted and this too 
was found to emit sodium and potassium ions. The first curve obtained 
in this case is given in Fig. 3. 

No particular study was made of this emission of ions by the plati- 
num itself. It was observed however that an increase in the tempera- 
ture of the strip always produced increased ion emission, particularly 
of potassium, and that this very quickly diminished if the temperature 
were then kept constant. It was partly due to the latter fact and partly 
to care in covering up as much of the platinum surface as possible 
with catalyst that the sodium, potassium, and rubidium curves show 
little evidence of this emission. 

More extended investigations of the emission from hot platinum 
have been made by others. A summary of these investigations, together 
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with certain conclusions drawn from the results, has been given by 
Richardson.* The above observations, as far as they go, confirm these 
conclusions. This is particularly the case as regards the constitution 
of the ions emitted by platinum, for the present resolving power ap- 
pears to be better than that of any apparatus heretofore used to studv 
the phenomenon. 


DISCUSSION 


The mass spectra given in Figs. 2 and 3, together with the cir- 
cumstances of their production, lead to the conclusion that the only 
ions emitted in each case were those of the alkali metal or alkaline 
earth present in the catalyst. The much more abundant iron and 
oxygen atoms did not appear as ions, nor did aluminium in the cata- 
lysts where it too was present. It is interesting that the alkaline earth 
ions, like those of the alkali metals, were only singly charged, in spite 
of their possession of two loosely bound valence electrons. 

The evidence does not give sufficient basis for much discussion of 
the mechanism of emission. Very roughly it appeared in the case of 
the alkaline earths that the lighter elements required higher tempera- 
tures to produce emission. Certainly these elements required consider- 
ably higher temperatures than the alkali metals. The difficulty seems 
to vary in the same direction as the ionizing potentials. This may 
account for the difference in the heights of the barium and strontium 
peaks. 

The chief distinction between these emitters and others is, of course, 
their constancy and relative inexhaustibility. There is evidently some- 
thing about their structure which permits the ion-forming atoms to 
diffuse readily and abundantly to the surface. In most other cases 
the ion emission rapidly falls off as the supply or at near the surface 
becomes exhausted.® 

The authors are indebted to members of the staff of the Fixed Ni- 
trogen Research Laboratory and also to Professors K. T. Compton 
and H. D. Smyth for valuable suggestions and indispensable assistance. 


PALMER PuHysICcAL LABORATORY, 
PRINCETON UNIVERSITY, 
PRINCETON, N. J. 
January 29, 1926. 


® Richardson, The Emission of Electricity from Hot Bodies, Chaps. VI and VII. 
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ON THE THEORY OF ELECTROSTATIC ALTERNATORS 
By A. W. Simon! 


ABSTRACT 


A more elegant method than that previously given for the solution of the 
equations involved in the theory of electrostatic alternators is given, and 
illustrated by application to an electrostatic alternator of eight inductors 
and eight carriers, in which each carrier as it comes in front of an inductor is 
connected to the next following inductor by means of a brush and insulated 
arm. The method can be extended to the solution of electrostatic alternators 
of m carriers and m inductors, where each carrier is connected to the inductor 
next following, also where each carrier is connected by means of brushes prop- 
erly placed to the pth inductor following. It may also be applied to electrostatic 
alternators with m inductors and 2m, 3m, or 4m carriers, and to electrostatic 
alternators of the Wimshurst type. With regard to the eight inductor alternator 
it is shown that three waves travel around the machine with periods correspond- 
ing to the time of 2 revolutions, 1 revolution, and 2/3 revolutions. The ampli- 
tude factor for each wave per eighth revolution is calculated approximately. 
Finally the effect of the initial conditions (potentials) on the action of the 
machine is discussed. It is shown that the potentials of the inductors of the 
machine eventually lag x/4 behind each other. 


HE quantitative theory of a four inductor alternator of the type 

to be discussed in the present work has already been given,’ and 
a general method of solution of alternators of this type outlined? 
Since the publication of this work, however, it has been possible to 
develop a much more elegant method of solving the equations involved 
in the theory of these machines, and our present work is concerned 
both with.an exposition of this method as well as a discussion of the 
physical interpretation of the results obtained by its application. 

As the subject of our analysis we shall take an eight inductor elec- 
trostatic alternator, and present the theory of this machine in a form 
which admits of ready extension to alternators of this type with any 
number of inductors. 

The machine studied is represented diagrammatically in Fig. 1. 
It consists of eight fixed inductors, and eight revolving carriers, and 
operates in a manner easily seen from the figure. The inductors are 
assumed to be identical in shape and symmetrically mounted, and the 
same is assumed to apply to the carriers. 

1 National Research Fellow. 


2 A. W. Simon, Phys. Rev. 25, 368 (1925). 
* A. W. Simon, Phys. Rev. 26, 111 (1925). 
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By exactly the same method as was employed in the case of the four 
inductor alternator already cited,‘ it can be shown that the potentials 
of the inductors after (n+1) and nm cycles satisfy a set of equations 
of which the left members take the form: 
aVo(m+1)+AVi(m+1) +gV 2(m +1) +fVs(m +1) +eVa(n4+1) +dV5(m+1) +cVe(n+1) +0V2(m+1) 

“ +4 “ +h “ +8 “ +f “ +e +d “ +¢ 
+b +a +h +g +f +e +d 
+¢ +b +a +h +f +f 
+h 


“ 

“ 
+d +¢ +b ° +a +8 
+d +¢ “ +b +a +h 


+e 
+f +e +d +e +b +a 
+8 +f +e +d +¢ +b 


2 


Fig. 1. An eight inductor electrostatic alternator. 


and the right members take exactly the same form except that the 
coefficients a, b, c, etc. are replaced by a’, b’, c’, etc. respectively, and 
the argument (+1) of the functions V,(m+1) is replaced by n. 

I. GENERAL SOLUTION OF THE VOLTAGE EQUATIONS 


Of fundamental importance for the mathematical solution of these 
equations is the following matrix, in which w; stands for the eighth root 


of unity corresponding to the amplitude of j27/8. 


wo? 1 wo? 3 4 5 wo® 


7 


Wo Wo 


Wo 


w 4 


Wo Wo 


5 7 


W1 @W) @1 


2 3 4 5 6 7 


W7 W7 
* A. W. Simon, Phys. Rev. 24, 690 (1924). 


@7 W7 7 @7 W7 
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For the purpose of the following work we shall number the rows 
and columns from 0 to 7, instead of from 1 to 8, as is the usual custom. 

If we multiply the equations in order by the elements in the jth 
row of this matrix, and add, we obtain an equation of the form: 


[awP+bwJpt+cw2+ - - + +hw,"|[wPVo(n+1)+0)Vi(n+1)+ ---]= 
[a’wP+b'wp+c'wP+ - + - +h'a;"][wPVo(m)+o)Vilm)+ - -- | 
the solution of which is obviously : 
[aw +b'wp+ --- ] 
7 [awP+bwi+t --- |» 
[wPVo(0)+7V(0)+---] (3) 


and, if we do this for every row, (i. e., if we let 7 run through the se- 
quence of values 0, 1,--+7) we obtain eight simultaneous linear 
equations, the left members of which involve the functions V,(m) and 
the w’s, and in which the matrix of the coefficients of the left members 
is exactly the matrix (2). By elimination from this set we can then 
obtain each of the functions V,(m) in terms of the quantities V,(0) 
and the quantities [a’w+b’w)+ --- |*/[awfP+bwA+ --- |. 

Now the matrix (2) has two important properties which allow us 
to carry out the process of elimination very easily. (1) If we examine 
the sum of the quantities in any column, we note that it is the sum 
of like powers of the roots of the algebraic equation x*—1=0, and from 
the formula for the sum of like powers of the roots of an algebraic 
equation, it follows directly that the sum of the quantities in every 
column of the matrix (or row, if we replace every element of the form 
of w,* by we”), except the first, is zero. (2) If we divide each row 
through by the factor which will make the elements in the sth column 
all unity, the resulting matrix can be obtained from the matrix (2) 
by s cyclic permutations of the columns of the matrix (2), and has 
the property that the sum of the coefficients in every column except 
the sth is zero. 

To solve for any V,(m) then we have merely to divide the equations 
(3) through by such factors as will make the elements in the sth column 
of the matrix (2) all equal to unity, and then add the resulting equations. 

Accordingly, we have as the general formula for V,(m) : 





[wVo(m)-+w2Vi(m)+ --- | 


8V,(n) = rs [wVo(0) +wV1(0)+ eee ][a’wP+b’w)+ °*se }"/w,; 


i=0 


[awP+bof+---]J* (4) 


where w,; is the element in the sth column and jth row of the matrix (2). 
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Now while each term of this sum is complex, the sum itself is real, 
for we can group the complex terms into pairs of conjugate terms, such 
that the imaginary parts will cancel out in the sum. 

This is readily seen from the matrix (2) if in addition we note that 
each of the expressions in brackets in formula (4) is obtained by com- 
bining a sequence of eight quantities, (namely the sequences V,(0), 
V,(0),--+ , V2(0); a’, b’,---, h’; anda, b, ---, hk) with the elements 
in any row of the matrix. As pairs of rows which give rise to conjugate 
terms we have 1,7; 2,6; and 3,5. The rows 0,4, it may be pointed out, 
give rise to real terms. For the purpose of our further calculations 
it is convenient to rewrite Eq. (4) in another form. If namely we put: 


[wPVo(0)-+w'Vi(0)+ - - - ]=[A,(0)+iB,(0)]=R,(0) [cos 4;+i sin A,] 
[a’wP+b'wAt --- |=[a,/+iB/]=0,' [cos ¢/+i sin ¢;'] 
[awP+bw)+ en J= [a;+iB;| = o;[cos gti sin ¢;| 
@.j=COS 0,;+7 sin 0,; 
and, further, let p,=0;'/o; and 0;=¢,;'’—¢;, we can rewrite Eq. (4) as: 
7 

8V.(m)= >) [A(0)+iB,(0) ]o*[cos (n0;—9,;)+i sin (n6;—9,,)] 

j=0 

II. PARTICULAR SOLUTIONS OF THE VOLTAGE EQUATIONS 


For various assumed initial conditions, i. e., sets of values of the 
quantities V,(0), the general solution reduces to simple forms. In 
particular consider the sets of values given by: 


V,(0) = E(0) cos (s— p)k2x/8 (5) 


where s, p, and —k, take the values 0, 1, 2,---,7. We then have 
for A;(0) and B,(0), respectively: 


A,(0) = E(0) > [ cos (s— p)k2x/8][ cos sj2x/8] , 


s=0 


B,(0) = E(0) > [ cos (s— p)k2x/8][ sin sj2x/8] . 


7 


Now from the fact that >> w,w,,=0, or 8w,, respectively, ac- 
s=0 


cording as +70, 8, 16, etc., or as +r=0, 8, 16, etc., and from tri- 
gonometry, it is possible to prove readily the following theorem: 
Theorem I. For any given k such that —k0 or 4, we have A;(0) =0 
and B,(0)=0, for every value of 7 except j= —k and 7=8+K;; for 
j=—k and 7=8+K, A;(0) =4E(0)cos(— pk)27/8 and B,(0) =4E(0)sin 
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(—pk)22/8; while for k=0 or —4, A,(0)=0 and B,(0)=0, for every 
value of 7 except 0 or +4; finally for kj=0 or —4, A;(0) =8E(0)cos 
(—pk)2x/8, B,(0) =0. 


III. PuysicAL INTERPRETATION OF THE RESULTS 


For the physical interpretation of the results we need to know the 
relative magnitudes of the quantities p; and 6;. These are obtained by 
substituting in the formulas for p; and 6;, the values of the quantities 
a, a’, b, b’, etc. in terms of the coefficients of capacity and coefficients 
of induction of the elements of the machine in that configuration at 
which the carriers just break contact with the brushes. In order to 
calculate exactly the various values of p; and 0; we would require the 
numerical values of these coefficients. It is, of course, impossible to 
calculate these. To complete the analysis of any machine it would 
be necessary to actually measure them. However, we can gain some 
idea of the relative magnitudes of the p’s and 6’s involved, if we make 
the same assumptions as were made in the case of the four inductor 
alternator, namely, that the inductors nearly completely surround the 
carriers and that the inductors are relatively far apart. Under these 
conditions we can calculate the following set of values for the p’s 
and 6’s involved. 


j tan 0 0 p 
0 0 1 
e v2-1 «/8 V2/V2-V2 
6 1 n/4 V2 
5 V2+1 32/8 V2/V2+/2 
0 0 0 


4 


The values obtained on the basis of these assumptions are really ideal 
values which in practice we can only approximate. Nevertheless, they 
correctly indicate the relative magnitudes of the quantities in question, 
so that for the purpose of our further discussion we shall assume: 


Po=1, pi>p2>1, ps<1, px<l; 
O=0, i=2/8, 0.=7/4, 0:=37/8, 0,=0. 

The phase angles 0,;, on the other hand, are independent of the 
capacities involved in the machine, and are readily determined from 
the matrix (2). In particular, we have 

0.0=0, 0.1= 57/4, 0.2 = s1/2, 0.3 = s31°/4, O4= ST. 
With all these relations before us we can inquire as to the action 


of the alternator. We see that in general the action of the machine 
may be described by asserting that three potential waves of different 
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periods travel around the machine, two of which continually in¢rease 
in amplitude (9 >1) and one of which continually decreases in ampli- 
tude (9<1). Furthermore, eventually, one only of these waves will 
be perceptible, the others becoming either vanishingly small or neg- 
ligible in comparison. The wave in question is that corresponding to 
p, and 6,, for we have, for m large, 


V (nm) = Ri(0)p:"cos (m6,+Ai:—sx/4) . 


However, the action of the alternator will depend, theoretically 
at least, very markedly on the initial conditions. For example, if we 
choose the original potentials so as to satisfy the set of values given 
by equation (5); that is, if we adjust the original potentials so that 
there will be a difference of phase of k27/8 between each pair of suc- 
cessive inductors and if, furthermore, we put the maximum potential 
on the pth inductor, then only that wave corresponding to 7 = —& will 
be present. 

If we let —k vary from 0 to 4 and apply Theorem I, we obtain a 
number of interesting special cases, which it should be possible to 
verify experimentally. 

(1) k=0, V,(0)=£(0)=const. The original potentials are all the 
same. For this case, if in addition we note that it can be shown by 
the method of a previous paper,‘ pp=1, no matter what the capacities 
involved in the machine are, as long as it is symmetrical, we have for 
every » from 0 to ©: V,(m) =E(0)=const., that is to say, no change 
takes place, as we might expect also from qualitative considerations. 

(2) —k=1, V.(0) = E(0)cos(s—p)(—2/4). The corresponding solu- 
tion is, for every n from 0 to ©: 


V (mn) = E(0)pi"cos [n6:—(s—p)x/4] . 


Under these conditions the potential will reverse approximately every 
revolution, and the machine will build up very rapidly. 

(3) —k=2, V,(0) =E(0)cos(s—p)(—7/2). The solution in this case 
is given by 


V (nm) = E(0)p2"cos [n6.—(s—p)x/2] . 


The potential now reverses approximately every half revolution, but 
the machine does not build up as rapidly as in case (2), since p2<p. 

(4) —k=3, V,(n) =E(0)p3"cos[n6s—(s—p)3r/4]. The potential 
reverses approximately every third of a revolution, but the potentials 
continually decrease, (o3<1), and eventually become vanishingly small. 
In practice they would very likely decrease until the ever-present con- 
tact e.m.f.’s took hold and re-excited the machine. 





ELECTROSTATIC ALTERNATORS 753 


(5) —k=4, V.(n) =E(o)p,*cos[—(s—p)x]. Under these conditions 
also the potentials would theoretically decrease to zero, or in practice 
until the contact e.m.f.’s took hold. 


IV. APPLICATION OF THE METHOD TO OTHER MACHINES 


(1) Multiple Inductor Machines of the type just discussed. It has 
already been stated in our opening paragraph that the method of 
analysis used in the present work for an eight inductor alternator 
can be applied to a machine of this type with any number of inductors. 
For the general case of m inductors and m carriers the matrix (2) 
would be simply a square matrix of the mth order, involving the mth 
roots of unity. A theorem corresponding to Theorem I could also be 
set up very easily for the general case. We have merely to note that 
if w; is the mth root of unity which has the amplitude j727/m, we have 


m 
> w,w..=0 or mw,, respectively, according as +r is, or as it is not, 
s=0 


zero or a multiple of m. This follows directly from the fact that }>w," 
is the sum of like powers of the roots of the equation x™—1=0. 

(2) Solution for Other Schemes of Connections. Furthermore, if in 
the case of the eight inductor system just discussed each carrier is 
connected not to the next following inductor but to the second, third, 
or pth one following, we obtain equations of exactly the same form as 
Eq. (1) except that the constants a, a’, b, b’, etc. have different values. 
This means, that.the solution is of exactly the same form as before 
but that the p’s and @’s have different values, and this again holds 
in general; namely, that once the solution for one alternator of m 
inductors is determined for one scheme of connections, the solutions 
for all other schemes of connections are obtained by assigning to the 
p’s and 6’s their proper values. Of course, the scheme of connections 
must be symmetrical and not haphazard. 

(3) Machines with Double the Number of Carriers. If the eight in- 
ductor machine just discussed were built up with 16 carriers instead 
of 8, the matrix of the coefficients of the voltage equations (sixteen 
in number) would take the form 


M, M: 
M; M, 


where each of the matrices M; is a cyclic matrix of the 8th order. To 
solve this case, we divide the set of sixteen equations into two sets of 
eight (the first set involving M,, Me, the second M3, M,) and apply 
the method by which Eq. (3) is obtained to each set separately, but 
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instead of deriving an equation of the form (3), we would now have 
from the first set one of the form: 


(a1 +781)Z1(n+1) + (a2+1B2)Zo(n + 1) 
= (a1’+7B1')Z,(n) + (a2’+7B2')Z2(n), 


and from the second set another of the same type except that the a’s 
and f’s have different values. Each of these pairs (and there would 
be eight such pairs) can be solved by the method of finite differences, 
as already outlined in previous papers. This method again can be 
generalized to apply to the alternator with any number of inductors. 

(4) and (5) Machines in which the number of carriers ts three or 
four times the number of inductors. The method just given for case (3) 
can be further generalized to apply to the case of 24 and 32 carriers, 
or in general to the case in which the number of carriers is three or four 
times the number of inductors. Case (3) above reduces, if the method 
of finite differences is applied, to the solution of quadratic equations, 
while the two cases now under consideration reduce to the solution of 
cubic and biquadratic equations respectively. 

(6) Electrostatic Alternators of the Wimshurst Type. What has just 
been said applied also to alternators of the Wimshurst type, since 
they give rise to equations of exactly the same type as (3), (4), (5). 

In general, of course, as the number of inductors and carriers is 
increased the detailed solution becomes more and nftore laborious 
although theoretically it can be carried out. However, it is to be ex- 
pected that the general features of these machines are not greatly 
changed by an increase in the number of elements; for example, it is 
to be expected that doubling the number of carriers will make the 
voltagé wave more continuous without greatly affecting the period of 
alternation or the transformation ratio. 

NORMAN BRIDGE LABORATORY OF PuHysICs, 

CALIFORNIA INSTITUTE OF TECHNOLOGY, 


PASADENA, CALIFORNIA, 
January 11, 1926. 
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A STUDY OF POLARIZATION CAPACITY 
OVER A WIDE FREQUENCY BAND 


By IrvinG WoLFF 


ABSTRACT 


The polarization capacity of platinum electrodes in sulphuric acid and also 
of gold electrodes in sulphuric acid has been studied from 200 to 200,000 
cycles per second. An alternating current bridge was used to make the meas- 
urements in the audible range and a bridge with heterodyne detector for the 
higher frequencies. If the relation connecting capacity and frequency is put in 
the form C=C>/f? where Co and P are constants then at the lower frequencies 
P is nearly equal to .3 while at the higher frequencies it approaches .5. At the 
same time, the phase angle of the capacity shifts from about 20 to about 40 
degrees. Voltage measurements made to determine the limiting value of the 
initial capacity show that it is of the same order of magnitude for alternating 
current as for direct charge. When two harmonic alternating currents of differing 
frequencies are simultaneously impressed on a cell, the polarization capacity 
measured by means of either one is independent of the presence of the other. 


HE study of polarization capacity phenomena by alternating 


current methods has taken on a new interest in recent years. 
The development of alternating current measuring methods during 
the past decade, particularly the adoption of the vacuum tube for 
these purposes, has made possible accurate measurements of capacity 
over a wide range of frequency formerly inaccessible. Predictions 
which had been made for the action of cells at high frequencies can 
now be verified or shown in need of modification. On the theoretical 
side, the views of electrode phenomena which connect polarization 
with surface reactions afford some very interesting subjects for theo- 
retical investigation. 

The first attempt to use frequencies above a few thousand per second 
for polarization measurements was made by Kruger! in 1906. He used 
a very ingenious method with a damped oscillatory discharge, but not 
enough points were taken and the frequency range was not sufficiently 
extended so that very definite conclusions could be drawn. The first 
serious attempts to get polarization capacity measurements above 
audible frequencies were made by Merritt? and Jolliffe.* It is to follow 
up their work that the present investigation was undertaken. 


1 Kruger, Ann. d. Physik 21, 301 (1906). 
? Merritt, Phys. Rev. 17, 524 (1921). 
8 Joliffe, Phys. Rev. 22, 293 (1923). 
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M. Wien‘ had studied the change of capacity with frequency for 
platinum electrodes in solutions of sulphuric acid at various audible 
frequencies, and his results, as well as the theorectical explanations 
given of them by Warburg® and Kruger,*had led to the expectation 
that at the higher frequencies the rate of change of capacity with 
frequency should be lessened, and in fact it was predicted that the 
capacity would become constant as the frequency was raised. Sym- 
bolically, if the relation between P, the back e.f.m. of polarization, 
and J, the alternating current through the cell is put in the following 
form (first suggested by Wien‘) P=JI/Cwsin(wit—7/2+wW), C should 
tend to become constant and W should approach zero as w becomes 
greater. Jolliffe has found however that at frequencies from 100,000 
to 2,000,000 per second C becomes proportional to 1/w! and y is near 
45° in the case of gold and for platinum C has been found propor- 
tional to (1/w!+small const.). It is well known that the value of the 
polarization capacity depends very much on the particular piece of 
metal used in the cell and even for the same piece varies very much 
under different conditions. It seemed entirely possible therefore that 
these discordant results might have been due to the fact that the cells 
used were different. In order to test the hypothesis a single cell should 
be carried through both frequency ranges. 


. APPARATUS 


A bridge shown in Figs. 1 and 2 was used to make these measure- 
ments, a vacuum tube oscillator supplying the alternating current. 
The arms R,; R2 Rs; are non-inductive resistances while a variable 
inductance is used to balance the capacity in arm 4. Since, as will be 
shown below, it is necessary to use small potentials across the cell to 
get the most information from polarization capacity measurements, 
a three stage amplifier was used in the detector arm of the bridge. 
In order to get most satisfactory operation of a bridge with an ampli- 
fier the Wagner’ earth connection should be used as shown in diagram. 
In making measurements, arms 1 and 3 were kept equal. The cell 
was placed in arm 4 and the variable inductance in this arm and the 
resistance in arm 2 were adjusted so that the bridge was balanced. 
A switch was arranged so that a variable capacity box in series with a 
resistance, wound by the Ayrton method, could be substituted for 


‘ Wien, Ann. d. Physik 294, 37 (1896). 

5 Warburg, Ann. d. Physik 303, 492 (1899); 311, 125 (1901). 
* Kruger, Phys. Zeits. 45, 1 (1904). 

7 Wagner, Elect. Tech. Zeits. 32, 1001 (1911). 
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the cell. It was thus possible to read off directly from this capacity 
and resistance the capacity and resistance of the cell. The frequency 
was at the same time easily calculated by noting the value of the vari- 
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Fig. 1. Audio frequency bridge. 


able inductance required to balance this capacity; f then being equal 
to 1/2r./LC. These calculated values were checked at several points 
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Fig. 2. High frequency bridge. 


by means of tuning forks. At frequencies above the audible range a 
heterodyne beat method of detection was used, the beating current 
being supplied by a vacuum tube oscillator. This circuit and the de- 
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tector circuit from the bridge were loosely coupled to a third coil 
which led to a detector and amplifier. The frequency was measured 
by means of a S. C. R. Signal Corps wavemeter. 

In order to make these measurements strictly comparable with 
Jolliffe’s results the cells he had used (shown in Figs. 3 a “Cell A’’) 
were again employed in the first part of this work. The electrodes 
consisted of either gold or platinum rods of 1 mm radius sealed into 
glass tubes with DeKotinsky cement and then ground down so that 
only the cross section was exposed. They were usually placed so as to 
be between .5 and 1 mm apart. 


“a 








+Hard rubber 


b Pt 











| 4+Pt 


q Cell A Jee B 


Fig. 3. Diagrams of electrolytic cells. 








RESULTS 


Before giving the results of the capacity-frequency runs several of 
the precautions which were needed to secure consistent results will be 
described. The earliest experimenters found that the polarization 
capacity was a function of the applied voltage but that a constant 
value was approached as the polarization potential was reduced. This 
so-called initial capacity has the most significant theoretical explana- 
tion and is therefore of the most interest. Since this change of capacity 
with potential had only been determined for direct charge, however, 
it was thought worth while to make a few rough determinations of 
this relation at several frequencies. To measure the potential drop 
across the cell a transformer with an input impedance of about 15,000 
ohms was shunted across, and a vacuum tube was attached to the out- 
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put as a detector. The change in plate current was.read by means of 
a d.c. galvanometer. The whole transformer, vacuum tube, galvanom- 
eter system was calibrated throughout the frequency range and gave 
very satisfactory service, showing a change after a year’s use which was 
less than the calibration errors. As all the curves giving the relation 
between capacity and potential were similar only one is shown in 
Fig. 4. The capacity C and phase angle wy as defined above are both 
plotted against the potential drop at the electrodes, i.e., the total 
drop over the cell minus the drop due to the resistance of the electrolyte. 
The resistance of the cell was calculated from known conductivity 
data and from the dimensions of the cell. The most important points 
to be noted in these curves are the asymptotic values approached by 
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Fig. 4. Curve 1. Polarization capacity as a function of peak voltage at 1340 
cycles per sec. Cell A, Pt—10% H:SQ,. 


the capacity and phase angle below .1 volt and their more rapid 
increase above this value. This limit for the initial capacity corresponds 
well with that found by direct charge methods. 

In making the capacity-frequency measurements the potential 
applied to the cell was always kept below this critical value by deter- 
mining the potential applied by means of the volt-meter, or, when this 
instrument could not be used, by reducing the current through the cell 
until further reduction caused no change in the bridge setting. 

When the first measurements were made it was found that if it had 
taken some little time to make the reading with the comparison 
capacity, the cell did not immediately return to the same condition 
that it had previously shown. This was traced to a slight polarization 
which was set up in the cell when it was in the bridge circuit. Ap- 
parently even after the cell had been in the solution for a number of 
days some dissimilarities still existed in the electrodes which caused 
a small current to flow and polarize the cell. When the comparison 
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capacity was substituted for the cell the circuit was open and under the 
influence of diffusion and other causes this polarization gradually 
disappeared, to build up again when the cell was placed in the bridge 
circuit. It was thought best to eliminate this small variation by always 
measuring the capacity when the cell was self polarized. To do this 
connections were arranged always to keep the cell on short circuit 
while the comparison capacity was being used. 

In making capacity tests it was at first thought that a very pure 
sine wave should be used in order to get reliable results because of 
the change of capacity with frequency. Now, although the vacuum 
tube oscillator gives a wave which is quite satisfactory for most al- 
ternating current bridge purposes it cannot be said to be entirely free 
from overtones. As no data were available on the effects of these over- 
tones on the capacity measurements an investigation of their possible 
effect was made with some very interesting results. The method of 
procedure was as follows: Two oscillating circuits of different fre- 
quencies were simultaneously loosely coupled to the bridge input. 
The pitches were kept sufficiently different so that they could readily 
be distinguished and the bridge could be balanced with respect to 
either of them while the other was sounding. In this way capacity 
and resistance measurements were made with an alternating current 
of a certain frequency while one of any other desired frequency and 
intensity was at the same time present. 

The results of this test showed conclusively that overtones were 
not affecting the measurements. The balance point determined by 
means of either pitch was absolutely independent of the presence or 
absence of the other. This was even true when the supposed disturbing 
pitch had an intensity greater than that of the pitch being used for 
measurement. 

These facts have further application of interest. It has been sug- 
gested by various experimenters, laterly by Haworth® and Gunther- 
Schultze,® that the capacity in certain cells might be due to the forma- 
tion of a thin gas film, or sometimes a poorly conducting layer varying 
from one to a few molecules in thickness, this film acting as the leaky 
dielectric of a thin parallel plate condenser. In order to explain on the 
basis of this theory the change of capacity with frequency, it is neces- 
sary to assume that the thickness of this film changes. Since it is the 
thickness of this film that determines the capacity and only one thick- 
ness is possible at any particular time, we must draw the conclusion 


* Haworth, Far. Soc. Trans. 16, 365 (1920). 
* Gunther-Schultze, Zeits. f. Physik 2, 36 (1920). 
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that when two frequencies are simultaneously impressed on the cell 
the capacity shall be the same for each. This is in contradiction’ with 
the observed facts. The theories of Warburg® and Kruger,’ however, 
predict just the results that have been found true. The back electro- 
motive force of polarization in their theories is determined by the 
solution of a partial linear differential equation of the second order 
in two variables, time and distance from the electrode, with one boun- 
dary condition determined by the form of the impressed current and 
the other by the fact that the function must vanish at ©. Now 
it is known that if the function defining the first boundary condition 
be expressed as a sum of simple harmonic terms, the solution .of such 
an equation will be of the same form, the coefficient of each term being 
independent of the other. Applying this to the experiment given above, 
the back electromotive force corresponding to each applied sine current 
will be independent of the presence of the other and therefore each 
pitch will keep its own capacity in agreement with the results of these 
experiments. 

It is well known that the resistance of an electrolyte and also its 
polarization capacity have considerable temperature coefficients. To 
guard against the errors due to possible temperature changes while 
the measurements were in progress, the cells were in the later experi- 
ments constantly kept in ice filled Dewar flasks. 

Another possible source of error enters when it is desired to make 
the measurements of capacity shortly after the electrodes have been 
immersed in the electrolyte. After a cell has been set up, its capacity 
changes quite rapidly for some time, so that it is necessary to make a 
correction for this effect. It was found that the rate of change of 
capacity was almost constant over a short time interval and that the 
proportionate change was nearly the same for the different frequencies. 
A true temperature coefficient of capacity could therefore be deter- 
mined for some mean frequency, and the correction computed for each 
measurement when necessary. 

With these precautions and corrections, very consistent results 
could be secured as will be shown by the succeeding curves. Curves 2, 
3, and 4 (Fig. 5) show the results of some tests taken with Jolliffe’s 
cell using sulphuric acid. A diagram of the electrodes of this cell is 
shown in Fig. 3 under the heading “Cell A.” In these curves, there are 
plotted against frequency the polarization capacity C in Wien’s formula 
and the phase angle y. 

In order to make the interpretation of the results easier, logarithmic 
paper has been used. The slope at any point thus shows the power 
relation that holds at that point between the capacity and frequency. 
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The data plotted in curve 2 were taken before the radio frequency 
bridge had been set up, and while Jolliffe was still taking data. There 
is a gap, therefore, between 6000 and 120,000 cycles per second, but — 
the change in the slopes of the capacity-frequency curves between these 
points is very apparent. The slope of the capacity curves plotted on 
logarithmic paper, although changing at the low frequencies, is very 
nearly .3; at high frequencies it is close to .5, as also determined by 
Jolliffe in other cases, who found at these frequencies that the 
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Fig. 5. Curves showing change in capacity with frequency. Curve 2, cell A, 
Pt—10% H:SQ,; curve 3, cell A, Pt—1% H2SO,; curve 4, cell A, Pt 
—6% H2SO,; curve 5, cell B, Pt—6% H2SO,; curve 6, 
cell a Au-1% H.SQ,. 


capacity was almost inversely porportional to the square root of the 
frequency. This curve also shows the increase in the phase angle which 
might have been expected from a comparison of the previous work 
in the low and high frequency ranges. , 

Curves 3 and 4 were taken with the same electrodes. The data for 
curve 3 were taken after the electrodes had been standing in the 
air for almost a year since last used. Before taking the data shown 
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in curve 4 the electrodes were remounted and polished and then left 
standing in distilled water until used. Both curves 3 and 4 are very 
similar to 2. 

There was some doubt as to whether the change in the stream lines 
as the frequency became higher might not have been the cause of 
the change in the law at the higher frequencies. A cell with an entirely 
different arrangement of electrodes was therefore built to test this 
supposition. It is shown in Fig. 3 as “‘Cell B.”” The capacity-frequency 
relation for this cell is shown by curve 5. It will be noticed that it is 
very nearly of the same form as the others. 

Curve 6 shows the same relations for a cell of the Jolliffe type using 
gold electrodes in sulphuric acid. It will be noted that although the 
capacity in this case happens to be approximately one quarter as great 
as in the case of platinum the curve form both for capacity and phase 
angle is substantially the same. 


CONCLUSIONS 


1. When two harmonic alternating currents of differing frequencies 
are simultaneously impressed on a cell, the polarization capacity 
measured by means of either one is independent of the presence of the 
other. 

2. The previous discordant observations giving change of capacity 
with frequency in a platinum sulphuric cell and gold sulphuric acid 
cell at low and high frequencies have been coordinated by showing 
that the law connecting capacity with frequency changes between 
3000 and 100,000 cycles per second. 

3. This change is due to a true polarization capacity effect and is 
not caused by change in stream lines in cell at high frequencies. 

4. The initial capacity begins to change at the same potential for 
alternating current as it does for direct charge. 

5. Confirming Jolliffe’s* observations the Warburg and Kruger 
theories require modification in order to explain the change of phase 
angle and the increasing rate of change of capacity with frequency 
as the frequency is raised. These modifications in the theory will be 
discussed in an article to appear shortly. 

In concluding the author wishes to express his appreciation to Pro- 
fessors C. C. Murdock and Ernest Merritt for their kindly help and 
genuine interest in the above work. 


PuysicAL LABORATORY, 
CoRNELL UNIVERSITY, 
IrHaca, NEw YorK, 
January 27, 1926. 
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THE EMISSIVITY OF BISMUTH IN A MAGNETIC FIELD 
By C. W. Heaps 


ABSTRACT 


Electromagnetic theory and the experiments of Hagen and Rubens lead to 
the formula E/E =i0/(2c), where 5E is the change produced in the emissivity 
E of a metal for long heat waves by a change dc in the electrical conductivity ¢. 
Using a thermopile to detect 5E a magnetic field of 4900 gauss was used to 
produce the de in bismuth plates kept at about 100°C. No effect of the field on 
E was observed for polished surfaces, surfaces etched with nitric acid, or sur- 
faces of a plate cast in vacuum. A change of E ten times smaller than the 
expected result could have been detected. Possible causes of the negative result 
are (1) the presence of emitted energy of too short a wave-length, (2) the 
absence of magneto-resistance in bismuth for high frequency currents, and 
(3) the absence of magnetoresistance in surface layers of bismuth. Reasons 
are given for rejecting (1) and (2) and accepting (3) as an explanatiori of the 
experiment. 


HE behavior of a metal towards radiation of sufficiently long 
wave-length can be predicted in many respects from a knowledge 
of the conductivity of the metal. Maxwell’s theory gives for the re- 
flecting power, R=100—200/ yor , where o is the conductivity of 


the metal and T the period of the incident radiation. For waves longer 
than 44 Hagen and Rubens! have verified this relation experimentally. 
If A is the absorbing power we have A =100—R=200/y T. By 
Kirchhoff’s law we may write A = E/e, where E is the amount of radia- 
tion emitted per second by the metal and e is the amount emitted by 
a black body of the same area and temperature. Thus E/e=200/ yoT. 

Any factor, therefore, which changes the electrical conductivity of 
a metal should change its emissivity for radiation of a particular period. 
It follows from the above equation that a small change, 6c, in the con- 
ductivity will produce a change 6£ in E, given by the equation 6E/E= 
—6a0/(2c). A similar relation gives the change of absorbing power of 
the metal when its conductivity changes. 

In 1898 Buisson? attempted to detect the change of absorbing power 
of bismuth when its resistance was increased by a magnetic field, but 
he failed to obtain positive results. His bismuth, in the form of thin 
electrolytically deposited plates, was transparent enough to allow visual 
observation of an illuminated window through the metal. A magnetic 
field capable of increasing the resistance of the plate by 60 percent 
failed to change the brightness of the observed image by any appreciable 


1 Hagen and Rubens, Ann. d. Physik 11, 873 (1903). 
? Buisson, Comptes Rendus 126, 462 (1898). 
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amount. Buisson suggested as an explanation of his negative result 
that a magnetic field does not affect metallic resistance for the high 
frequencies of light waves. The more recent work of Hagen and Rubens 
has shown, however, that the equations given above, deduced by Max- 
well’s theory, do not apply for the high frequencies of visible light, 
but for waves in the infra-red, beyond 5y, a very perfect agreement 
was obtained.* For these long waves the emissivity and reflecting 
powers of metals were found to vary in accordance with the theory 
when the conductivity was changed by altering the temperature of 
the metal. Constantan showed very little change of optical properties 
with temperature because its resistance changed very little. 

It would appear probable, therefore, that Buisson’s negative results 
were due to the employment of too short a wave-length. If the re- 
sistance change produced in bismuth by a magnetic field is similar in 
nature to the resistance change produced by a temperature elevation 
we should certainly expect an effect on the absorption and emission 
for radiation beyond 4u. 

The writer has performed experiments on bismuth using long waves 
and the expected effect has not been found. 


EXPERIMENTS 


For several reasons it is more convenient to measure the energy 
emission of bismuth than its absorbing or reflecting power. The first 
experiment was performed on a bismuth plate, cast and polished. This 
plate, of dimensions 3X5 X0.2 cm approximately, was soldered to 
one side of a copper box and placed between the poles of a Weiss 
electromagnet. The pole-pieces were 3.5 cm apart and 10 cm in diam- 
eter. Water in the copper box was kept boiling by means of an electric 
heater, and a thermopile connected to a high sensitivity galvanometer 
was used to receive the radiated heat. The thermopile was mounted 
in a case provided with the usual shielded aperture and care was taken 
to exclude all radiation except that from the bismuth plate. 

The galvanometer deflection was 27.0 cm and a magnetic field of 
4900 gauss failed to produce any observable change in this deflection. 
The bismuth plate was then etched with nitric acid so that the crystal 
structure showed up very clearly, but the new surface gave no different 
result. There appeared, however, to be a thin film of impurity over the 
surface of the metal so a new plate was made as follows. 

Bismuth was melted in a Pyrex bulb to which a second bulb with 
flat bottom had been sealed. The air was pumped out and the melted 


* Wood, Physical Optics, p. 475. Hagen and Rubens found, however, an anomalous 
behavior in the case of bismuth. 
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bismuth agitated and heated for some time while the pump was run- 
ning. By tilting the evacuated container the molten bismuth was now 
allowed to run into the flat-bottomed bulb where it solidified in the 
form of a plate. This plate was removed by breaking the bulb. 

Both surfaces of the plate were apparently very clear and highly 
reflecting. By viewing these surfaces when illuminated by a single 
distant lamp, crystal faces could be observed flashing into view as 
the plate was rotated.‘ The average area of these separate crystal 
faces was probably about one square millimeter. This plate was 
clamped to one side of the copper box and the effect of the magnetic 
field on its emissivity determined. Neither face of the plate showed 
any change of emissivity capable of being observed. 

The galvanometer deflection was 30.0 cm and a change as large as 
0.2 cm could not have escaped detection. The value of 5E/E was thus 
less than 0.007. The value of 50/o for bismuth spirals in the field used 
is about 0.15, and is probably of about this magnitude for the bismuth 
plates used. Thus the effect of the magnetic field on the emissivity 
must be at least ten times smaller than the effect to be expected from 
the conductivity change. 

DISCUSSION 


To explain the absence of any effect of a magnetic field on the emis- 
sivity we may consider the possible operation of the following three 
factors. 

1. The radiation may contain enough short waves to mask the 
effect of the field on the long wave emission. From the work of Hagen 
and Rubens we may assume that the emission of waves shorter than 
4u will be unaffected by the resistance change of the bismuth, while 
the emission of waves longer than 4y is represented by the equations 
given above. 

To get an estimate of the relative amounts of energy above and below 
4u we must know the form of the energy distribution curve. Aschkinass® 
has developed a theory for metals radiating waves longer than 4y 
and has shown that Wien’s displacement law becomes A\,,0 = 2660, 
if @ is absolute temperature and \,, is wave-length in microns. His 
theory also gives S/E=0.0221.(r08/A)!, where E is the ordinate of the 
energy distribution curve for a black body according to Planck’s 
formula and S is the ordinate at the same temperature and wave- 
length of the energy distribution curve for the metal. 1 is the resis- 
tivity of the metal at 0°C in ohm cms. It appears, therefore, that the 


* This method of observing crystal structure is due to P. W. Bridgman, Proc. Amer. 
Acack. 60, 305 (1925). 


5 Aschkinass, Ann. d. Physik 17, 960 (1905). 
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energy distribution curve for the metal is of the same general shape as 
for a black body, but the maximum is displaced to shorter waves and 
the whole curve is relatively higher in the short wave region. 

Wien’s law, therefore, as modified by Aschkinass, gives \»=7.13y 
for the bismuth plate if its temperature is 100°C. Since the tempera- 
ture must have been lower than this A,, was soméwhat greater than 
the above value. The theory of Aschkinass will not apply for radiation 
below 4u. Rough graphical methods, however, may be applied to the 
curve for black body radiation, modified beyond 4y in accordance with 
the theory of Aschkinass. Such methods make it appear very unlikely 
that more than one-twelfth of the energy radiated by the bismuth 
plate had a wave-length less than 4u. This amount of energy, unaffected 
by the magnetic field, would not be sufficient to mask the effect of the 
field on the greater amount of energy in the long waves. 

2. The resistance of bismuth for high frequency currents may not 
be changed by a magnetic field. It is known that the magnetoresistance 
of bismuth for alternating currents differs from that for direct currents. 
Heurlinger’s theory,* however, which ascribes this difference to the 
interaction of galvano- and thermo-magnetic effects, appears to give 
a satisfactory explanation of the observed phenomena (which have 
been confined to lower frequencies than those of light). Heurlinger 
gives the equation p’—p= —PQH?, where p’ is the resistivity of the 
metal in the field H as the frequency of the current approaches in- 
finity,’ and p is the resistivity in the field for direct currents. P is the 
coefficient of the Ettingshausen effect and Q the coefficient of the 
Nernst effect. For bismuth in a field of 6000 gauss Heurlinger finds 
— PQH?/p,=0.003, where po is the resistivity when H=0. There is 
thus a difference of 0.3 percent between the a.c. and d.c. resistance of 
bismuth in a field of 6000 gauss when very high frequencies are used. 
The d.c. resistance change produced by this field is about 20 percent, 
so it appears that if Heurlinger’s theory is complete, the high frequency 
magnetoresistance of bismuth differs very little from the d.c. magneto- 
resistance. 

3. The surface layers of bismuth may be unaffected by the magnetic 
field while the body of the metal has its resistance changed. For 
several reasons® it appears probable that a magnetic field changes 
the resistance of bismuth by altering the number of electrons effective 
at any instant in carrying the current. If equilibrium exists between 
a group of conducting electrons and a group of bound electrons it is 
entirely conceivable that a magnetic field may alter the equilibrium 


* Heurlinger, Phys. Zeits. 17, 221 (1916). 
7 Resistance change due to skin effect is not considered in the theory. 
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conditions so as to change ihe number of electrons in the respective 
groups. The molecules on the surface of the metal will be subjected, 
because of surface tension effects, to conditions different from those 
in the body of the metal. These molecules may react differently, 
therefore, towards a magnetic field. 

There is considerable evidence in favor of this view. Magneto- 
resistance for thin bismuth films is smaller than for bismuth in bulk; 
and the thinner the film the less appears to be the magnetoresistance. 
Films which have been examined in this respect by Curtiss® consisted 
of small crystals of random orientation. If the crystal composition 
of the films of different thicknesses (as determined by resistance 
measurements) was the same the magnetoresistance differences must 
have been due to the increased relative importance of surface layers 
for the thinner films. There is some doubt, however, of the identity 
of crystal structure of the different films. 

It seems to be certain that the position relationship of molecules 
of a metal to each other is of profound influence on the magnetic 
quality of the metal. Thin amorphous films of nickel are non-magnetic.!° 
Liquid metals do not show a true magnetoresistance. Surface layers 
of iron appear to have a smaller induction than deeper layers, while 
the converse is true for nickel." 


CONCLUSION 


While the experimental evidence is not conclusive it nevertheless 
seems probable that the failure of a magnetic field to affect the emis- 
sivity of bismuth is due to the absence of magnetoresistance in the 
surface layers of the metal. Hagen and Rubens found bismuth occu- 
pying an anomalous position as regards reflection and emission co- 
efficients in the list of metals which they investigated. They suggested 
as reasons for this peculiarity the difficulty of securing good reflecting 
surfaces of bismuth and the known anomalous behavior of bismuth 
in other respects. It is possible that the electrical resistance of surface 
layers of bismuth is different from the body resistance even when no 
magnetic field acts. 


Tue Rice INsTITUTE, 
Houston, TEXAs, 
March 20, 1926. 


* Heaps, Phys. Rev. 19, 7 (1922); 12, 340 (1918); Phil. Mag. 50, 1001 (1925). 

* Curtiss, Phys. Rev. 18, 255 (1921). , 

1° Ingersoll and DeVinney, Phys. Rev. 26, 86 (1925). 

™ McKeehan, J.O.S.A. and R.S.I. 11, 169 (1925), has attributed this effect to strains 
in the surface layers produced by previous treatment, but on this view it is difficult to 
explain’some of the results of E. H. Williams, Phys. Rev. 33, 60 (1911). 
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TEST FOR SPACE QUANTIZATION IN A MAGNETIC FIELD 


By B. B. WEATHERBY AND A. WoLF 


ABSTRACT 


The heterodyne beat method was used to detect a possible change in the 
dielectric constant of gases, due to space quantization in a magnetic field. 
A condenser, forming a part of one oscillating circuit of about 1,000,000 cycles 
frequency, was filled with the gas’ investigated and the magnetic field then 
applied. The results obtained show that for helium (20 cm pressure), air (76 
cm) and oxygen (76 cm) at room temperature there is no change in the dielectric 
constant to 1 part in 500,000. The magnetic field was of the order of 7000- 
8000 gausses, while the electric field was estimated at 5000—10,000 volts/cm. 
The tests were carried out with the direction of the electric field both parallel 
and normal to the direction of the magnetic field. 


N a recent article} Ruark and Breit suggested that it might be 
possible to test for space quantization of gases in a magnetic field 
through a comparative determination of the dielectric constant of 
the gas across and along the lines of force of the magnetic field. If 
we consider an atom to be an electrical doublet subjected to space 
quantization in a magnetic field, it is reasonable, even in the absence 


of any accurate calculation, to expect an appreciable change in the 
dielectric constant of the gas when the field is applied. The magnitude 
of this change ought moreover to be different, depending on whether 
the electric field, used for the determination of the dielectric constant, 
is parallel to the magnetic lines of force or perpendicular to them. 
Since the changes in dielectric constant so produced may be very small, 
a highly sensitive test must be used in looking for them. 

So little is known with regard to the interaction of electric and mag- 
netic fields in the atom that negative results of experiments along these 
lines need not necessarily be considered an evidence against space 
quantization. It is thought that such studies are nevertheless of in- 
terest in connection with theories of atomic structure. 

The test for a possible change in the dielectric constants of oxygen, 
air, and helium, in a magnetic field, was carried out by means of ap- 
paratus essentially the same as a Whiddington ultramicrometer,’ 
consisting of two modified Hartley oscillators. The condenser in one 
of these was variable and used for the adjustment of the beat freq- 
uency. The condenser in the second circuit was made of two alumi- 
num plates 2X10 cm separated by about 0.2 mm and was fixed in 


1 Ruark and Breit, Phil. Mag. 49, 504 (1925). 
* Whiddington, Phil. Mag. 40, 634 (1920). 
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value. This second condenser was enclosed in a glass tube filled with 
the gas investigated and placed between the poles of a Du Bois electro- 
magnet. The usual precautions, with regard to shielding, were observed. 

Details of the circuit arrangement are shown in Fig. 1. Western 
Electric 5-watt tubes were used as oscillation generators. The system 
of chokes and blocking condensers was necessary in order to make 
possible the use of a single high tension battery. 

The oscillation frequency was about 1,000,000 cycles per second 
and the beats were sufficiently steady over short intervals of time to 
permit the making of measurements. A residual drift and variation 
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Fig. 1. A, B, vacuum tubes; D, fixed condenser; E, F, variable condenser and vernier; 
G, loud speaker; a, b, c, d, e, choke coils and radio frequency by-pass condensers. 


observed in the beats was believed to be due to three causes; (1) 
charges collecting on the inner walls of the vacuum tubes, (2) motion 
of the shielding plates due to humidity and temperature changes in 
the room, (3) imperfect insulation. 

The usual procedure was as follows: the variable condenser was 
adjusted until the beats could be easily counted ; the number of beats 
in a given time was taken with the magnetic field off; the current in 
the electromagnet was ther. switched on and the number of beats in 
the same interval of time counted again. This was done first with the 


condenser plates set parallel and then with them perpendicular to 
the magnetic field. 





SPACE QUANTIZATION IN A MAGNETIC FIELD 


‘ 


A few typical readings are given below. 


Number of beats in 2 sec. 
oxygen helium air (brass case condenser) 
Magnetic field off: 8 8 6 6 6 12 12 
Magnetic field on: 8 7 6 7 8 12 


Each of these sets of observations was taken with a fixed setting 
of the variable condenser. 

When using the condenser described above there was almost al- 
ways observed a small change in the beat frequency when the current 
in the magnet was turned on. This change however corresponded to a 
variation of the frequency of the oscillating circuit of less than one 
part in a million. The same change was observed when the glass tube 
containing the fixed condenser was evacuated and it was therefore 
ascribed to a mechanical effect of the magnetic field on the condenser. 
A condenser of different design with plates clamped rigidly inside a 
metal case eliminated the effect completely. This second condenser 
was, however, used only in the experiments with air. 

The observations show that with an electric field estimated at 
5,000-10,000 volts per cm the oscillation frequency did not change 
by more than 1 part in a million when a magnetic field of 7000-8000 
gausses was applied. Air and oxygen were investigated at atmospheric 
pressure and helium at a pressure of 20 cm Hg. All observations were 
made at room temperature. 

As the formula for the frequency of an oscillating circuit is f= 
1/2rV/LC the above results mean that the dielectric constants of the 
gases investigated do not change by more than 1 part in 500,000 when 
a magnetic field is applied under the conditions of the experiment. 
(No correction was here applied for the capacity of the leads.) Different 
results might have conceivably been obtained at low temperatures 
or with a smaller electric field. 

The dielectric constants of gases at ordinary pressures are so close 
to unity that a precision of 1:500,000 in the dielectric constant cor- 
responds to much less precision when the average polarization of the 
atoms and molecules is considered. Under the conditions of the ex- 
periment our results show that when the magnetic field is applied, 
the average electrical polarization of oxygen and air does not change 
by more than 1:250 of its value, while that of helium, which was used 
at a lower pressure and has a dielectric constant closer to unity, does 
not change by 1:10 of its value. 

In conclusion we wish to express out thanks to Professor C. B. 
Bazzoni who suggested carrying out this test. 


RESEARCH SECTION, RANDAL MorGAN Puysics LABORATORY, 
UNIVERSITY OF PENNSYLVANIA, 
January 1926. 
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THE HALL EFFECT IN BISMUTH WITH LOW 
MAGNETIC FIELDS 


By PALMER H. CRAIG 


ABSTRACT 


The Hall effect in bismuth for a magnetic field strength of from 0.07 to 
1.00 gauss was accurately determined by improved methods. Production of 
the bismuth films. Various methods for obtaining excessively thin, homogeneous 
bismuth films were tried and compared, such as casting, electroplating, 
evaporating, sputtering, and metallic spraying, of which the last three methods 
were particularly successful. Measurement of very low voltages. By refinements 
made in the potentiometer and measuring circuits, readings to one-tenth micro- 
volt were accurate and reproducible. Magnitude of the Hall effect at low fields. 
The value of the Hall coefficient, R, is abnormally large between 0.07 and 
0.30 gauss, having a value of — 171 at 0.07 gauss, as compared with a value of 
—11 which R had for this film at 15 gausses. The value at 4220 gausses was 
—29. A curve is plotted showing the rapid decrease in the value of —R 
between 0.07 and 0.30 gauss, and comparison is made with the higher values 
of field strength. It is noted that by putting the Hall potential of one film 
in series with one or more other films we obtain comparatively high values 
of the Hall e.m.f. which may be applied to great advantage as an alternating 


current rectifier in radio and similar applications. 


INTRODUCTION 


INCE the discovery of the Hall effect in 1875 much has been done 

to elucidate this phenomenon both experimentally and theoretically. 
But, with the exception of Righi,! who employed fields comparable to 
that of the earth, and a few others, almost all investigators have used 
strong fields. It is important to know accurately the effect of low fields, 
to compare it with the known facts and to determine whether any 
abnormal relations exist. As the effect of the magnetic field is small in 
all cases, a great refinement in the potentiometer and measuring cir- 
cuits is imperative with weak fields, and the preparation of the bismuth 
strips presents great difficulties and requires special methods. 


PREPARATION—EXPERIMENTAL ARRANGEMENTS 
Since the Hall effect increases with the thinness of the metallic 
strip, the first requisite was to prepare extremely thin films of metal. 
Bismuth and tellurium, which have the highest Hall coefficient of 
the ordinary metals, were selected and six different methods were 
tried in order to find the best and quickest way of making films which 


1 Righi, Jour. d. Physique 3, 127 (1884). 
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would be extremely thin and at the same time electrically continuous. 
These processes were casting, dipping, spraying, electroplating, evapo- 
rating, and sputtering. 

Thin films of bismuth cannot be produced by casting unless pressure 
is exerted on the surface of the metal as it cools, and provision must 
then be made for lateral expansion when solidifying. 

Surprisingly thin and uniform films were, however, obtained by 
dipping mica sheets into molten bismuth and using the metallic film 
which adhered to the mica. If the surface of the mica be slightly 
roughened with hydrofluoric acid, and care be used in withdrawing 
the mica from the molten metal, a very thin and uniform film can 
be obtained by this very simple and rapid method. 

Much work was done by the author to produce very thin plates of 
bismuth and tellurium by the process of spraying molten metal. Ex- 
cellent results were obtained both with the “Schoop”’ compressed air 
metallic spraying process, and also with the “Gravitas’” metal dust 
spraying process. Cooperation in this part of the work was kindly 
rendered by the Metals Coating Company of Philadelphia. Both 
of these spraying processes involve spraying metals in the molten 
state by means of a compressed air gun. In the case of bismuth it 


was found advisable to use compressed nitrogen, instead of air, in 
order to prevent oxidation of the sprayed layer. When applied to 
mica, glass, and bakelite, excellent films of both bismuth and tellurium 
were obtained. 


Attempts to produce homogeneous films by electroplating met with 
poor results, even when great care was used as regards temperature, 
speed of the rotating cathode, and concentration of solution. 

Evaporation of molten bismuth in a partial vacuum produced very 
good results. Bismuth was placed inside an evacuated bell-jar and was 
melted by an electric heater. A glass plate, suspended above the ar- 
rangement, collected the evaporated bismuth in the form of excellent 
films. 

Cathodic sputtering undoubtedly produces the thinnest films of 
any method. With reasonable care bismuth films can easily be pre- 
pared by this method so thin as to be quite transparent. Sputtering 
was accomplished by applying the secondary current of a 20,000 volt 
transformer to anode and cathode electrodes placed inside a bell jar 
evacuated to 30 microns. Rectification of the secondary current by 
a kenetron accelerated the action. A disc of bismuth 3.5 inches in 
diameter was used as a cathode, and the glass plate on which the film 
was to be sputtered was placed just outside the Crookes’ dark space, 
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which was about 2 cms long. With a current of 5 milli-amperes ex- 
cellent films were produced on glass in about 20 minutes. 


DISPOSITION OF THE APPARATUS 


The very weak magnetic fields employed in this work were obtained 
from an air core solenoid. When a given current is passed through 
such a coil the field at the center is easily calculated. This calculated 
value was checked by a calibrated ballistic galvanometer in con- 
junction with a flip coil. The actual coil employed consisted of 100 
turns of wire wound on a rectangular wooden form 8X11 cm in 
cross-sectional area, the size of this form being just large enough to 
accommodate the film used. The inductance of this coil was 2.5 milli- 
henries, and it was therefore necessary to pass 35.2 milli-amperes 
through it in order to get a field of one gauss at the center. Because 
of the extremely low values of magnetic field used, it was necessary 
to shield the arrangement carefully from any action of the earth’s 
and stray fields. Several methods were tried to accomplish this shield- 
ing, the one finally adopted being that of placing the set-up so that 
the plane of the bismuth film coincided exactly with the magnetic 
inclination of the earth’s field at that point, thus eliminating any 
magnetic component in a direction perpendicular to the plane of the 
metallic film. Care was taken to keep all iron away from the vicinity 
of the apparatus, and upon actual measurement stray fields were found 
to be negligible. 

Chemically pure bismuth for producing the films was furnished by 
Eimer and Amend and the film itself, obtained by any one of the 
previously described methods, was mounted on bakelite with sodium 
silicate as a binder. Contact at the ends for the longitudinal current 
was made by phosphor-bronze spring clips, and contact at the edges 
of the film, for picking up the transverse Hall potential, was obtained 
by means of small brass fingers attached to machine screws passed 
through the bakelite. The surface of the film was carefully cleaned 
with weak hydrochloric acid solution to remove surface oxides, and the 
entire film and connections were then painted with sodium silicate 
to keep semi-conducting layers of dirt and moisture from collecting 
on the surface of the film. In some cases it was even found advisable 
to mould the entire arrangement in sulphur to obviate this difficulty. 

Since the potential differences to be measured were of the order of 
one microvolt, extreme care was taken to render the measuring ap- 
paratus very accurate and stable. The transverse Hall effect potential 
was measured by means of a Leeds and Northrup type K potentiom- 
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eter, redesigned with a system of calibrated external shunts which 
increased the sensitivity of the instrument ten times. Four galvanom- 
eters of varying degrees of sensitivity were used with potentiometer 
for null readings, the most sensitive galvanometer having a sensitivity 
of 12.2 mm per M.V. The longitudinal current through the film was 
supplied by large storage cells, the output of which passed through a 
large filter system of two very large inductances in series with the line, 
the lines being shunted by two condensers of six microfarads each. 
This filter eliminated erratic action caused by sudden fluctuations of 
the longitudinal current occasioned by bubbling of the cells. 

The main current through the potentiometer itself was passed 
through a similar filter and was allowed to flow over night before 
taking readings so that greater stability could be expected. The null 
potentiometer reading on the standard cell was checked before and 
after each measurement. 

Great care was taken to eliminate all spurious effects. Thermal 
effects, of course, constituted the greater part of these corrections. 
Junctions of dissimilar metals in the circuit were reduced to a mini- 
mum, and the remaining potentials due to Thomson and allied effects 
were accurately measured the instant the longitudinal current was 
broken. Grounding one side of the potentiometer circuit was found 
to increase stability. 

For the work at high magnetic fields, a large electromagnet was used. 
This magnet was capable of producing a field of 18,000 gausses in a 
narrow air gap, the field of which was measured by a calibrated bal- 
listic galvanometer in conjunction with a flip coil. 


EXPERIMENTAL RESULTS AND DISCUSSION 


Using a bismuth film obtained by metallic spraying, 3.58.0 cm 
in area and 0.012 cm thick, the results shown in Table I were obtained. 
These results are in agreement with those obtained with films of the 
other types described previously. In this table three different ranges 
of magnetic field strength were investigated with the same bismuth 
film and under the same general conditions. A longitudinal current 
of 1.5 amperes was used throughout Table I. The “residual’’ e.m.f. 
(measured in microvolts) which is referred to in the second column 
is the potential difference caused by the fact that the brass fingers 
which pick up the transverse Hall potential cannot possibly be placed 
at exactly equipotential spots with regard to the longitudinal current. 
These contacts were placed as near to equipotential points as possible 
and the remaining difference of potential was measured as given in 
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the second column of the table. The second and third columns auto- 
matically include the sum of the thermal effects, since it is of course 
impossible to eliminate these thermal potentials from the potentials 
indicated in these columns. However, the spurious effects are eliminated 
when column two is subtracted from column three in order to get the 
net Hall e.m.f. in the fourth column. The Hall coefficient, R, given 
in the fifth column is calculated from the usual formula,? R= Ed/JH, 
where R is the Hall coefficient, d the thickness of the film in centi- 
meters, J the longitudinal current in abamperes, H the magnetic field 
strength in gausses, and E the net Hall e.m.f. 
Mo 
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It is immediately apparent that the Hall coefficient is abnormally 
high in the range of very low fields, and falls rapidly in value as the 
field is slightly increased. Reference to the graph shows a slight ir- 
regularity near 0.1 gauss, a straightening out of the curve at about 
0.3 gauss, and then an approximately linear relation until a field 
strength of 1.0 gauss is reached. Readings in an intermediate range 
of zero to 30 gausses showed that —R is practically constant at a value 
of 11 throughout this range. This value agrees very well with the value 
of 10.27 which Von Ettingshausen and Nernst® found for bismuth at 
a field of 1650 gausses. In the range from 1000 to 4200 gausses the 


2 L. L. Campbell, “‘Galvanomagnetic and Thermomagnetic Effects,” p. 9. 
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coefficient increases slightly from 15 to 29. This curve was selected 
from a dozen similar graphs as being one of the most representative, 
and the irregularity in the neighborhood of 0.1 gauss is typical of similar 
irregularities in all curves obtained with the various films. 

These results show that the value of —R at very low fields is higher 
than has been heretofore suspected and that the curve for —R, plotted 
against field strength, shows a marked rise in this low range. 

Each of the values in Table I are average values for approximately 
twelve readings at each value of field strength. These readings are 
reproducible to approximately one-tenth of a microvolt, and the 
readings forming the averages did not vary more than this amount. 

During the course of the experiments an interesting incidental fact 
was discovered, namely that the Hall potential of one film may be 
put in series with that of one or more other films, the sum of these 
series potentials agreeing very well with the calculated sum of the 
Hall potentials of the individual films as observed separately. A\l- 


TABLE I 
Hall effect in bismuth for low, intermediate, and high fields 
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though this fact has little application where quantitative readings of a 
high degree of accuracy are desired, it is of real importance in any 
application where larger values of Hall potential are desirable than 
those which can be obtained with a single film. The author is at 


* Von Ettingshausen and Nernst, Wied. Ann. 29, 343 (1886). 
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present using this additive principle in an application of the Hall 
effect to rectification of alternating current with a method similar 
to that described by DesCoudres.* The additive principle used in 
this connection produces a Hail potential of several volts in low fields 
with thin bismuth films, and thus gives the Hall effect a practical 
importance as a rectifier, especially in radio and similar applications. 
Work on the additive principle is also being done by Sarek.® 

The results here presented indicate that there is considerable work 
to be done in further investigating abnormalities in the Hall coefficient 
at very low fields, and also suggest that certain modifications or ex- 
planations will have to be introduced into the theory of the Hall effect 
to account for the interesting changes in the Hall coefficient at low 
fields. 

In conclusion, the author wishes to acknowledge his indebtedness 
to Dr. Louis T. More, Dr. R. C. Gowdy, and Dr. S. J. M. Allen for 
their kind help and valuable advice tendered throughout the progress 
of the work. 


UNIVERSITY OF CINCINNATI, 
Puysics LABORATORY, 
August 2, 1925. 


* Des Coudres, Phys. Zeits 2, 586 (1901). 
§ Sarek, Eleck. u. Maschinenbau, 43, 172 (1925). 
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THE RATIO OF HEAT LOSSES BY CONDUCTION AND BY 
EVAPORATION FROM ANY WATER SURFACE 


By I. S. Bowen 


ABSTRACT 


It is shown that the process of evaporation and diffusion of water vapor 
from any water surface into the body of air above it is exactly similar to that 
of the conduction or ‘‘diffusion’’ of specific heat energy from the water surface 
into the same body of air. Because of this similarity it is possible to represent 
the ratio R of the heat loss by conduction to that by evaporation by the formula 


pase ( TerTe\ 
~~" PL—P, J 760 


where 7, and P, are the original temperature and vapor pressure of the air 
passing over the lake, and 7, and Py are the corresponding quantities for the 
layer of air in contact with the water surface. The substitution of R times the 
evaporation loss for the value of the conduction heat loss in the Cummings 
equation for evaporation makes it an exact equation for the determination 
of evaporation from any water surface in terms of the net radiant energy 
absorbed by the water and the heat stored in the water. 


N his study of evaporation from lakes, Cummings! has assumed, 

as a first approximation, that the determining factor is the in- 
coming solar radiation, i. e. that the evaporation from any lake is 
roughly equal to the radiant energy falling on the lake divided by the 
latent heat of vaporization, corrected, of course, for heat stored in 
the lake due to any change in its temperature. This would be strictly 
true if we could neglect other heat losses such as conduction and con- 
vection, for since evaporation increases rapidly with the temperature, 
the lake would warm up to such a temperature that the heat lost by 
evaporation would be just equal to that gained by solar radiation. 
Wind and humidity would then not affect the total evaporation, but 
only the temperature that must be reached before equilibrium between 
evaporation and solar radiation is attained. The present paper is a 
theoretical attempt to evaluate losses by conduction and convection 
in terms of easily measurable quantities, and hence to determine 
whether they are small enough to be neglected; and if not, how they 
may be corrected. 

In order to simplify calculations, we shall assume in the first part 
of the paper that diffusion coefficients, conductivities, and densities 
are independent of the temperature. We can write at once for the 


1 Cummings, Phys. Rev. 25, 721 (1925); Journal of Electricity 46, 491. 
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mass m, of water vapor diffusing per unit time across a space of 
length /, and area a, 


m= D,a(pi—p2)/1 (1) 
p; and pz are the densities of water vapor on the two faces of the space 
and D, is the diffusion coefficient of water vapor through air. 
If we multiply both sides of this equation by L, the latent heat of 
vaporization, we get 


Lm=D,a(Lpi—Lpz)/1 (2) 


and if let 6; and #2 represent the energy per unit volume in the form 
of latent heat, the energy Q carried across becomes 


Q1r=Dy,a(0:—62)/1 (3) 


Likewise we can write the formula for the heat energy @s carried, 
by conduction, across the same space as above: 


Q,=Ca(Ti—T:)/l (4) 


where C is the conductivity of the air in the space and 7; and 7:2 
are the temperatures of the two faces. 

If we substitute C=D.C,d, where D, is the “diffusion coefficient” 
or diffusivity for the heat energy, C, is the specific heat at constant 
pressure, and d is the density of the air, (4) becomes 


Q,=D2a(T,C,d—T2C,d)/I (5) 


Or if we let g: and ¢2 be the densities of specific heat energy at the 
two faces, 


Q.= Dza(gi—¢2)/1 (6) 


It is seen at once that (3) and (6) are of exactly the same form, the only 
difference being in the values of D,; and De, which, in fact, differ 
only by a few percent, (a relationship predicted by the kinetic theory). 
This leads one to expect that heat losses by evaporation and diffusion, 
and by conduction, will follow the same laws and will be affected in 
the same way by convection. 

Consider the case of a lake over which a wind is blowing (Fig. 1). 
Let y be the distance from the windward side of the lake measured 
parallel to the direction of the wind. Assume that the velocity of the 
wind at a distance x above the surface of the lake is f(x) and also that 
this velocity is large enough so that the velocity of horizontal diffusion 
is negligible in comparison with it. Then for any element of volume 
dxdydz the amount of latent heat entering the volume per unit time 
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from the lower side is —D,(00/0x)dy dz, while on the upper side the 


amount leaving is 
00 0 06 
— | D,—+ <( Ds = )de Jaye , 
Ox Ox Ox 


The difference, if we assume D, constant, is then D,(0°6/0x*)dxdydz. 
When a steady state is reached this net gain must be carried away by 
the air passing through the volume in unit time. The air in passing 
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Fig. 1. 


through the volume dxdydz has its density of latent heat changed 

from 6 to 6+(00/dy) dy; and since the volume passing per unit time 

is f(x)dxdz the total amount carried away is (00/dy) f(x)dxdydz. 
Equating these two quantities we get 


(7) 
and by similar reasoning, 


(8) 


as the general equations determining @ and ¢ at all points above such 
a lake. The boundary conditions are g= 1, 0=6,; at x=0, and g=¢z, 
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6=6, at y=0. 2 and 62 represent the energy density, in the form 
of specific and latent heat respectively, of the incoming air, and ¢ 
and @, represent the corresponding densities for the layer of air in 
contact with the water. 

Since it is impossible to obtain a general solution of these equations 
for any function f(x) we will consider certain special values of f(x). 

Case I. f(x) =K from x=0 to x=a and f(x) =0 from x=a tox= @ 
If a and K are small and the lake large, then the layer of air from x =0 
to x=a will have its temperature changed to that of the water and will 
become saturated with water vapor, i. e., its specific heat density will 
change from ¢¢2 to ¢; and its latent heat density from 02 to 0;. Evidently 
the ratio R of heat lost by conduction to that lost by evaporation is 


R= (g1—¢2)/(01— 62) (9) 


since this is the ratio of the two kinds of energy taken on by each cubic 
centimeter of the air passing over the lake. 

Case II. f(x) =0, from x=0 to x=a; f(x) =K, from x=a to x= ©, 
If the area of the lake is small and the velocity K large, then the water 
vapor and heat diffusing through the stationary layer from x=0 to 
x=a, will be carried away immediately and we can assume ¢=¢2, 
6=6, at the layer x=a. Under these conditions the rates at which heat 
and water vapor leave the water surface are determined solely by dif- 
fusion and the ratio between them is simply equation (6) divided by (3). 


R= D2(¢1—¢2)/ D1(01— 92) (10) 


Case III. f(x)=Kx" from x=0 to x=. Professor Epstein has 


obtained equation (11) as a solution for this value of f(x). 
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But the rate of diffusion from unit area of the water surface, 
diffusion across the plane x=0, is 


1 


ee 


n+2)*Diy 





N 
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0 
1 


Dia-e)(—*—) 


(n+ 2)? Dey 
N 


where 


Similarly 





which gives at once 


mth 
be D. n+2 om 
ao Q ” (=) (= =) (14) 
OL D, 6:— 42 
This ratio is independent of y and therefore holds for every square 
centimeter of the lake and also for the lake as a whole. 


DISCUSSION 


Case I represents a condition where the whole quantity of air under 
consideration is completely changed in temperature and moisture 
content to that of the layer of air in contact with the water. For this 
reason diffusion is not the limiting factor and hence the diffusion co- 
efficients do not enter into the formula for the ratio of the heats lost 
by the two processes. It is obvious, however, that if conditions are such 
that diffusion does enter, it will be in such a way as to increase the loss 
by the process having the larger diffusion coefficient relative to the 
loss by the other method. Hence under any conditions of wind we may 
say, since D,>D, that 


RS (¢:—¢2)/ (61-62) (15) 


Case II, on the other hand, represents conditions where diffusion 
is the completely determining factor, the heat and water vapor being 
immediately carried away after diffusing through the stationary layer. 
If, however, these are not immediately carried away, they tend to 
build up the temperature and vapor density on the upper side of this 
layer, and thus decrease the gradient in the stationary layer. This 
in turn tends to slow down further diffusion. But the process with 
thejlarger diffusion coefficient will build up faster, and hence willbe 
retarded more than the one with the lower diffusion coefficient. Hence 
we can write 


R= D2(¢i1—¢2)/D:(61— 62) (16) 
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The results of Case III support these conclusions since for all values 


of n=0. 

(+) (f= *)2 x2 (S-*) (17) 

D, 0:— 62 D, \ 01-62 

Negative values of m are without physical meaning since they would 
involve an infinite velocity at x=0. The upper limit of R in (17) 
corresponds to the case f(x)=K, i. e., a wind of uniform velocity. 
The values between this limit and the limit set by Case I correspond 
to conditions where f(x) is a decreasing function of x, and hence do 
not correspond to actual conditions over a lake. 

The above discussion shows that R lies under all conditions between 
the values given by Case I and Case II. For these two very simple 
cases, however, it is no longer necessary to assume D, C, and p inde- 
pendent of the temperature. 

Thus in Case I, if we consider the changes in an amount of gas that 
would occupy 1 cc at 0°C, the amount of heat necessary to warm it 


from the temperature of the air, 7., to the temperature of the water, 
Tw, is 


Q dvCp—-(T T.) (18) 
s—0O 760 w a 


where dy is the density of air at 0°C, 76 cm, C, is the specific heat at 
constant pressure, and P is the pressure of the air in mm. Likewise 
the amount of heat taken on in the form of latent heat when this 
amount of air is brought to saturation at the temperature 7, is 


ou=2( pul w—Pal a ) (19) 





273 


where as before p, and p, are the densities of water vapor in the in- 
coming air and in the layer of air in contact with the water respectively. 
Therefore 


| 
0. 760 


QOL 7 (eee) (20) 
273 





Similar consideration, which take into account the known tempera- 
ture coefficients of heat conduction and diffusion, give for Case II 


Co(T/273)"(Tw— Ta) 
~ LD4,o(T/273)"(pwTw—PaT a) 760/P 





(21) 
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where Cy and Dy, are the value of the conductivity and diffusion 
coefficient at 0°C. Kinetic theory gives y:1=7y2=3, while experimental 
data indicate a somewhat larger value, but still make y; = 72. 

If we substitute in these formulas the following experimental data: 
do = .001293, Do=.206, Co=.0000566, C,=.241, L=585., paT./273= 
P,/9.41X10°, pw /273 =P./9.41 X10°, where P, and P,, are the cor- 
responding partial pressures of water vapor expressed in mm of mer- 
cury, we get 


Case I. 


f.-f. +P 

R= .so1( —- (22) 
P,.—P, /760 

Case II. 


T.o—-T.\ P 
P.—P., /760 


Case III, however, shows that under ordinary conditions where f(x) 
is an increasing function of x, the true R is nearer Case JJ than Case J. 
Hence we may take as the most probable equation 


Te-T. \ P 
R= 46( (24)? 


R= 442( (23) 


P.—P, /760 


This equation is, of course, valid only for value of 7, low enough 
that the volume of the air is not appreciably increased by the water 
vapor evaporating into it and also that the water vapor on diffusing 
into the cooler air above does not condense and fall back to the water 
surface. This last condition is only violated under certain extreme 
conditions since the air is being warmed by conduction nearly as fast 
as its dew point is being raised by the diffusion of water vapor into it. 

As an example let 7,=20°C, T7,=15°C, Relative humidity =.5, 
P=760 mm. This gives R=.21 which indicates that while the ratio 
is small and can be corrected for by the aid of this formula, yet it cannot 
be neglected. It may be noted that if we let R= —1, this becomes, as 
it should, the standard formula for the determination of P, by means 
of the wet and dry bulb thermometer. 


CONCLUSION 


If we put in the form of an equation Mr. Cummings” statement 
of the relation between evaporation and radiant energy, we have 


I=S+LE+K (25) 


2 Since the above was written, a somewhat similar formula has been derived em- 
Ppirically from wet and dry bulb data. D. K. Dean, Power 62, p. 754 (1925). 
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where J is “‘the radiant energy . . . . integrated over any time interval”’ 
or perhaps a little more explicitly, the solar and sky radiation corrected 
for reflection, minus the back radiation, S is the “heat represented by 
the change in temperature of the water,” LE is “‘the heat represented 
by the evaporation (£) during the same time interval,’”’ L, of course, 
being the latent heat of evaporation, and K is a “‘relatively small cor- 


rection’’ to cover other losses. These other losses, however, are due to 
conduction and convection which we have put equal to R times the 
losses by evaporation, i. e., R(LE), where R can be determined by 
Eq. (24). Substituting this value of K in (25) we have 


I=S+LE(i+R) (26) 


which is an exact equation for any body of water that is thermally 
insulated on the sides and bottom (a condition holding for most lakes) 
since it takes into account all processes by which heat can be lost or 
gained. 

Consequently if we know S, E and R, which can be determined 
easily in any small insulated test jar, we can, following the method 
proposed by Cummings! use this slightly modified formula (26) to 
determine J or, vice versa, if we know J and can measure S and R, 
we have a means for calculating the evaporation E from a large body 
of water where it cannot be measured directly. 

Such a body of water, however, is very nearly a black body over a 
very wide range of wave-lengths, since throughout the infrared even 
a thin layer of water absorbs almost completely, while in the visible 
this is true if the water is deep enough, as in a lake or if the inside of the 
vessel is properly blackened, as can be easily done for any test jar. 
In addition the reflection at the surface due to the difference in index 
of refraction is small throughout the visible and infrared to 20y,° 
which is well beyond the maximum of the back radiation. On account 
of this fact J as determined by Eq. (26) becomes at once, with only a 
very small correction for reflection, the value of the net radiation ex- 
changed with a black body at the temperature of the water. Thus such 
a jar of water can be used to determine the net heat radiated by a black 
body at night or received by it during the day time. 

In a succeeding article Mr. Cummings will present the results of experi- 
ments designed to check the modified form of his equation, Eq. (26), 
under a series of widely different condition. Since this Eq. (26) depends 
on the determination of R as given by Eq. (24), these experiments will 


* Rubens and Ladenburg. Verh. d. Phys. Ges. 11, 16 (1909). 
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also serve as a test of Eq. (24) as well. His preliminary experiments 
indicate that these equations will be verified completely. 


In conclusion the writer wishes to thank Professor Epstein for his 
derivation of Eq. (11). 


NoRMAN BRIDGE LABORATORY OF Paysics, 
CALIFORNIA INSTITUTE OF TECHNOLOGY, 
PASADENA, CALIFORNIA, 
March 12, 1926. 















JUNE, 1926 PHYSICAL REVIEW VOLUME 27 


HEAT TRANSFER IN THE ANNULAR SPACE BETWEEN 
TWO COAXIAL CYLINDERS* 


By S. R. Parsons 


ABSTRACT 


Two brass tubes are mounted with a common axis, one inside of the other, 
and are warmed by driving hot air, in turbulent flow, through the annular 
space between them. The rates of transfer of heat to the two tubes are com- 
pared by means of a coefficient representing heat transmitted per unit time per 
unit area of metal surface per unit difference of temperature between metal and 
air. Lees has shown that in streamline flow there would be a difference in the 
surface friction per unit area for the two tubes, and if that were true in turbulent 
flow, there would be a corresponding difference in the coefficients of heat trans- 
fer. The experimental results show that if there is such a difference in turbulent 
flow, it is not of the magnitude to be expected from Lees’ equations, and fail 
to show with certainty that any difference exists. 


HEN air is passed through the annular space between two coaxial 

cylinders, such as that formed by one metal tube inside of another, 
the stream acts simultaneously on two surfaces, of which one is 
convex, and the other concave. Lees! has shown that when a fluid passes 
in streamline flow through such an annular space, the surface friction 
per unit area is less on the outer tube than on the inner one, and he 
raises the question whether there is a similar difference in turbulent 
flow. If there is, there should be a corresponding difference in the rates 
of transfer of heat between the stream and the two surfaces, which 
might be interpreted as representing a difference in the character of the 
flow close to the walls,—that is, a difference in the extent to which the 
stream may be regarded as scouring the surfaces. The purpose of the 
work described in this paper was to show whether or not heat is trans- 
mitted more readily to one of the two surfaces than the other. 


APPARATUS AND EXPERIMENTAL PROCEDURE 


Two pairs of brass tubes were used, the first 91.3 cm in length, and the 
second, 170.0 cm. The inner and outer diameters of the annular spaces 
were 0.949 and 1.706, and 0.950 and 2.307 cm, respectively. Each 
tube was about 1 mm in thickness. Air from a compressor connected to 
a large tank was forced through a brass tube 1.7 cm in diameter, in 
which its speed was estimated by means of a Pitot tube; then through a 


* Research Paper No. 36, Journal Series, University of Arkansas. 
1 C. H. Lees, Proc. Roy. Soc. 92, p. 144.(1915). 
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brass tube surrounded by a heating coil; and then into the annular 
space between the experimental tubes, which were mounted in a verti- 
cal. position in order to avoid the sag that would be inevitable if they 
were horizontal. The outer tube was set into a block of wood, through 
which a hole was bored to admit the air. A circular wooden plug was 
fitted into the end of the inner tube, the lower end of the plug being 
smoothed off into a streamline form, to direct the air as gently as 
possible into the annular passage. This plug supported the weight of the 
inner tube, and was itself centered and held in place by fine piano wires 
passing out through small holes in the wooden block, and wound on 
screws for adjustment. A thermocouple junction was set in the center 
of the air stream a few centimeters below the plug. A similar arrange- 
ment for centering the plug was used at the upper (outlet) end, and a 
second thermal junction was placed in the center of the stream about 
5 cm above the top of the plug. The air passage ended in a bell mouth. 
A wooden box about 12 cm square was placed around the tubes, to 
minimize the effects of air currents in the room. Thermometers were 
inserted through one side of the box, and while no attempt was made to 
render it air tight, it was found that the rate of cooling of the outer tube 
to the air was not appreciably affected by currents in the room, and 
could therefore be computed with satisfactory accuracy for any con- 
dition obtained in the experiments. 

Thermal junctions were soldered to the outside of the outer tube, and 
corresponding junctions attached opposite them on the inner tube, at 
points whose locations appear in the table below. Holes were drilled in 
the inner tube, and the junctions soldered into these holes flush with the 
surface, which was then filed down to as near its original condition as 
possible, the wires being brought away in a cable inside of the tube to 
its upper (downstream) end, from which they were led to the measuring 
instruments. The electrical connections were such that each couple 
could be connected to a potentiometer, or directly to a galvanometer. 

The rates of transfer of heat from the stream of air to the two tubes 
were compared by means of the rates at which their temperatures rose, 
and in order to obtain simultaneous rates, two galvanometers were used, 
one for each tube. The galvanometer readings were calibrated against 
the potentiometer after each run. A metronome was set to beat seconds, 
and to ring a bell every third second, and readings of the two galvano- 
meters were taken alternately on the stroke of the bell. From these 
readings, the temperatures of the two tubes were computed, and plotted 
against time. 
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METHOD OF COMPUTATION 


Considering any point along the tubes, and using for temperatures 
the mean values in a plane perpendicular to the axis of the tubes and 
including the point considered, we may write the equation for either 
tube alone 


a T—0 
ms —— =4(2ar)(T—8) 


where @ is the temperature of the tube; 7, the temperature of the air 
stream; m, the mass per unit length of the tube; s, the specific heat of 
the tube; 7, the radius of the tube; #, the time; and gq, the surface co- 
efficient of heat transfer, in units of heat per unit time per unit area per 
unit difference of temperature between air and tube. The experiments 
yield values for all of these quantities except g and T. It is not feasible 
to measure the air temperature 7 inside of the annular space because, 
aside from the difficulties of measuring the temperature of a stream.of 
gas at a point where its temperature is changing, anything even so 
small as thermocouple wires placed in the stream might affect the 
character of the flow enough to destroy their value. These temperatures 
may be eliminated, however, and a comparison of the coefficients g for 
the inner and outer tubes may be obtained as follows. The equation 
above is applied to each tube, and the values of 0 and d6/dt are obtained 
at two different instants during each experimental run. Then, if we let 
6 be the temperature of outer tube, ¢ the temperature of inner tube, 
subscripts o and 7 represent outer and inner tubes, and subscripts 1 and 
2 represent the first and second sets of values, respectively, we may 
write four equations: 


moSo(d0/dt) 1 = qo(2rro) (Ti1— 1) 

moSo(d0/dt)2=qo(2rro) (T2—4) 

misi(de/dt) = qi(2nr:) (T1—¢1) 

mis;(do/ dt) 2=qi(2ar:) (T2—$2) 
Solving these equations for the ratio between the coefficients g, and for 
simplicity letting (d0/dt); =a, (d0/dt)2=<a2, (d@/dt),=b1, and (do/dt)2= 
bo, we obtain 





qo (““*) bi (¢2—62) —b2(o1—41) 
di 4;(¢2—62).—a2(¢1—61) , 
Since the outer tube is losing heat to the surrounding air while its 


temperature is rising, the value of d@/dt used in the equations will be 
greater than that obtained from the graphs by an amount given by the 


MS iT o 
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equation d@/dt= —kT’, in which T” is the difference in temperature 
between the tube and the surrounding air, and & is a constant deter- 
mined from the rate of cooling of the tube when the air is not flowing 
through it. While the four equations given above suffice for a solution 


of the temperatures 7, and 7; of the air as it passes any thermal junc- 
tion, the form of the algebraic solution is such as to magnify the effects 
of expermental errors, and the results are of little value. 

The speed of the air stream was estimated from the readings of the 
Pitot tube, from the ratio of the cross sectional areas of the air passages 
at the Pitot tube and in the annular space, and from the estimated 
densities of the air at these two points. These speeds, and the tempera- 
ture of the air at the entrance to the annular space, which was taken 
from the thermal junction located at the entrance, do not enter into the 
computations, but are tabulated with the results to show the range of 
conditions used in the experiments. The critical speeds for the two 
pairs of tubes were computed from Lonsdale’s equation,? for a tempera- 
ture of 100°C, and it will be seen that the speeds used were high enough 
to insure turbulent flow. 


RESULTS 


The results are summarized in Table I. Preliminary trials failed to 
show any appreciable effect of slight changes in the centering of the 
inner tube, and if there is such an effect, it is probably balanced out in 
the mean of the results, on account of the locations of the various 
thermal junctions, which are as shown in the table, the azimuth repre- 
senting angular distance around the axis of the tubes, measured from an 
arbitrary plane. If in smoothing off the inner tube after attaching the 
thermal junctions to it, the tube was not left in its original condition, 
any irregularities due to this cause will also tend to balance each other. 

Whether there is any significance in the fact that the ratio of the 
coefficients appears to be less at points near the outlet of the tubes 
than near the entrance, the writer can not say. The nearest points used 
are respectively 52 and 66 times as far from the entrance as the thick- 
ness of the annular space, for the two pairs of tubes. 

For these pairs of tubes, the equations of Lees for streamline flow 
give values of 0.70 and 0.74, respectively, for the ratio of the surface 
friction per unit area on the outer tube to that on the inner tube; and 
since the rate of transfer of heat is proportional’ to the surface friction, 
the same values would represent the ratios of the coefficients g. The 


2 T. Lonsdale, Phil. Mag. 46, p. 163 (1923). ; 
3 Great Britain Committee for Aeronautics, Technical Reports 1912-1913, p. 45. 
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table shows that over something of a range of speeds and temperatures 
the mean ratio of the coefficients g is slightly greater than unity, 
indicating that if there is a difference in the heat transfer coefficients 
for turbulent flow, it is not comparable with that for streamline flow. 
But while this mean ratio is a little greater than unity, it must be 


TABLE I 
Values of the ratio, qo/qi, of the rates of transfer of heat to the outer and inner tubes. 








Location of thermal junction Speed of Air temperature qo 
distance from azimuth air stream at entrance Gi 
entrance 





First pair of tubes: length 91.3 cm; thickness of annular space, 
0.38 cm; critical velocity, 7.9 m/sec. 
0° 14.4 m/sec. 148° 
0 14.4 148 
90 21.7 122 
270 12.6 150 
0 11.9 142 
180 av .7 113 ‘ 
270 24.0 136 1.01 
‘ Mean 1.08+ .10 
Second pair of tubes: length 170.0 cm; thickness of annular space, 0.68 cm; critical 
velocity, 4.9 m/sec. 
45 90 6.7 132 - 
60 270 7 122 
60 270 118 
60 270 121 
60 270 119 
60 270 119 
135 118 
135 133 
135 159 
135 158 


—_ 
_ 7 


— 
ANRDOAQA— 
WO TWW®WOOOCWW 


.92 
Mean 1.03 + .09 








admitted that the experimental errors are large, and that the results do 
not show with certainty that the coefficients for the two surfaces are not 
identical. In other words, the experiments fail to show any difference in 
the character of the turbulent flow close to the two surfaces. 


THE UNIVERSITY OF ARKANSAS, 
February 12, 1926. 
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Relation between temperature, pressure, and densities of gases (S. F. PICKERING), 
CIRCULAR OF BUREAU OF STANDARDS, No. 279.—This is a compilation of the known 
pvT relations of the familiar gases with a discussion of the equations of state of van der 
Waals, Dieterici, and Berthelot. The numerical use of the tables and curves, as well as 
of the equations, is explained in detail in the simplest possible terms. Many tables are 
given so that the Circular contains sufficient information for the solving of problems in 
this field. A very extensive bibliography is included. The circular should be extremely 
useful to users, commercial and scientific, of these gases, as well as to teachers. 190 pp., 
Government Printing Office, Washington, D. C. 1926. Price 25 cents. 

J. R. RogsBuck. 
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AMERICAN PHYSICAL SOCIETY 


MINUTES OF THE WASHINGTON MEETING 
ApRIL 23 AND 24, 1926 


The 139th regular meeting of the American Physical Society was held 
at the Bureau of Standards, Washington, D. C. on April 23 and 24, 1926. 
The presiding officers were Professor Dayton C. Miller, President of the 
Society, and Professor K. T. Compton, Vice-President. The attendance 
was about three hundred. 

On Friday evening there was a dinner at the Raleigh Hotel, attended 
by two hundred and thirteen members and guests. The speakers at this 
dinner were Professor M. I. Pupin, Dr. S. W. Stratton, Dr. G. K. Burgess, 
and General G. O. Squier. 

Meeting of the Council.—At the meeting of the Council held on April 23, 
1926, seventeen were elected to membership: Martin J. Connoly, Ken- 
neth Cole, Austin M. Cravath, C. del Rosario, Karl G. Emeleus, Hugh 
Farrell, Sylvan Harris, L. G. Hector, D. W. Morehouse, Leonard J. 
Neuman, Nicolas P. Rashevsky, P. N. Rhodes, Clarence Rockwell, 
John L. Rose, Shou Chin Wang, George P. Welch and Harvey A. Zins- 
zer. 

The regular program of the American Physical Society consisted of 
ninety-four papers, Numbers 2, 7, 9, 61, 73, 86, 87, 89, 90, 91, 92, and 
95 being read by title. The abstracts of these papers are given in the 
following pages. An Author Index will be found at the end. 

HAROLD W. WEBB, 
Secretary. 


ABSTRACTS 


1. A precision study of the K absorption limit. F. K. RICHTMYER and J. B. BisHop, 
Cornell University.—A series of careful measurements of observed absorption coefficients 
taken through the K absorption limit of silver yields data which, after correcting for the 
finite width of the slits, are in agreement with the assumption that the \? law holds up 
to the limit from both directions and at the same time furnishes a method for determin- 
ing, with comparatively high precision, the magnitude of the absorption discontinuity. 


2. The effect of chemical combination on the absorption of x-rays. W. B. Mors- 
HOUSE, Cornell University.—The x-ray absorption by aqueous solutions was measured 
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before and after chemical reaction, employing a differential null method similar to that 
described by Becker (Phys. Rev., 20, 134, 1922), and using the direct beam from a water 
cooled Molybdenum Coolidge tube, operating at 30 kv peak. Cells having equal com- 
partments were used, so that the same elements were in the beam before and after 
combination. Measurements were made on the following reactions: 

(A). 3KI +I2.+2Na:S,0;-3KI +2Nal +Na2S40sz. 

(B). K2Cr,0,+12KI+14HCI-8KC1+2CrCl;+7H,0+31,+6KI. 

(C). NaOH+HCl~NaCl+H,0. 

Corrections having been made for changes in density the results indicate: Reaction 
(A). The mass absorption coefficient of the solution after reaction is approximately 
0.25 percent less than before reaction. Reaction (B). 0.25 percent greater. Reaction 
(C). No appreciable change. Since iodine, sulphur and chromium are the only elements 
changing valence and since computations from known absorption coefficients show that 
the absorption by the iodine in the beam is several times that by either the sulphur or 
the chromium, it seems probable that the absorption by iodine in the free state is greater 
than its absorption in the combined state. 


3. X-ray absorption in heated silver. HH. S. Reap, National Research Council 
Fellow at Stanford University—Previous research (Phys. Rev., April, 1926) has 
suggested that Al, Fe, Ni, Cu, Ag, and Pb have slightly larger absorption coefficients at 
higher temperatures. Total radiation from a tungsten target tube was used. Continued 
work with Ag indicates that the transmission is a complicated function of the wave- 
length (0.2 to 0.7A used) increasing with temperature at some wave-lengths and de- 
creasing with temperature at others. The largest change was a 1.5% decrease in trans- 
mission at the K-limit when the Ag strip was heated to 830°C. If this were due to a shift 
of the K-limit the shift corresponds to +0.00021A which corresponds in turn to —11. 


volts. This result suggests that energy of thermal agitation may add to x-radiation 
energy or that heat prepares the atoms in some way to absorb slightly smaller quanta, 
at the K-limit, than is possible when cool. An equal shift of the whole absorption 
coefficient curve does not appear to account for the changes of transmission at some of 
the other wave-lengths. A correction was made for the effect of thermal expansion. 
A detailed account of the method and results will be published. 


4. Conditions for the disappearance of the unmodified line in the Compton effect. 
G. E. M. Jauncey and R. A. Boyp, Washington University. The method previously 
described by Jauncey and DeFoe (Phys. Rev., 27, 102, (1926) ) for measuring the ratio 
of the modified to total scattering coefficients when a wave-length of 0.41 A is scattered 
by carbon at various angles has been used. The ratio becomes practically unity at 87° 
and continues unity for angles out to 120° (we did not test it further out). However, 
at angles less than 87° there is a rapid decrease of the ratio as the angle decreases. It 
seems therefore that unmodified scattering disappears at 87° when A=0.41 A. On 
Jauncey’s theory, unmodified scattering disappears at 82°. There is thus good agreement 
with theory. 


5. Measurement of x-ray scattering coefficient. PizRRE Mertz, Cornell Uni- 
versity.—The mass scattering coefficient was measured directly by collecting the 
scattered radiation in an ionization chamber surrounding the scatterer, comparing its 
intensity with that of a portion of the primary beam going through an auxiliary ioniza- 
tion chamber of equal length along the ray path. The primary beam consisted of the 
continuous radiation from a Coolidge tungsten tube, filtered through Al and Cu until 
the spectral width between the half-maximum intensity points was about 25% of the 
mean wave-length. Corrections were made for internal absorption in the scatterer and 
for the increased absorption of the scattered beam in the ionization chamber due to the 
Compton effect. The latter could not be estimated very accurately and is probably one 
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of the largest sources of error in the determination. The values of mass scattering 
coefficient (¢/p, in cm*/gram) as determined are given below: 
IN 32 43 54 .66 .79 A. 
Scatterer a/p 

S . 166 . 182 .194 .214 .234 

H,0 . 198 . 206 .210 .216 ¢ .228 

Na 173 191 . 248 

Li . 133 .165 .157 .169 .200 

B 154 .162 . 169 165 .179 


6. Intensity of x-ray refleciion from solid and powdered sodium chloride. J. A. 
BEARDEN, University of Chicago. (Introduced by Arthur H. Compton.)—The experi- 
ment of the intensity of x-ray reflection by Bragg, James and Bosanquet has been re- 
peated using monochromatic x-rays (Ka line of Molybdenum reflected from rock-salt 
crystal) for all orders of reflection thereby reducing the uncertainty in choosing a base 
line. The values of the structure factor F are in satisfactory agreement with the values 
obtained by the previous experimenters. The most uncertain elements entering in these 
experiments are: (1) the linear absorption coefficient and (2) the extinction effects. 
Measurements of the intensity of reflection from powdered crystals have also been made 
with monochromatic x-rays, using both the transmission and the reflection methods. 
Both powder methods gave the same values for the structure factor F for several samples 
of sodium chloride of different history. Except for the (100) plane, however, the values 
were consistently higher than the corresponding values obtained by the solid crystal 
method. 


7. Refraction of x-rays by method of total reflection. RicHarp L. Doan, Univer- 
sity of Chicago.—The critical angle of total reflection of x-rays from polished surfaces 
is related to the index of refraction by the expression 0, = (2(1—,) +0 being the glancing 
angle of incidence. Since this critical angle has been found experimentally to be sharply 
defined, this method furnishes a simple means of determining indices of refraction with a 
relatively high degree of accuracy. The line MoKa, isolated by means of a calcite 
crystal and suitably placed slits, was allowed to fall on optical surfaces of speculum 
metal and glass, the reflected beam being received on a photographic plate one meter 
distant. Approximately one hundred one-minute exposures were made as the mirror 
was turned at intervals of a few seconds of arc through a total range of about 7’. Measure- 
ments, accurate to 1%, gave for speculum, @.=10’52’’, 1—yn1=4.96(10)-*; for glass, 
6. =6'18"’, 1-4 =1.67(10)-*. Attempts were made to use sputtered gold films for 
reflecting surfaces but the reflection was surprisingly weak and the critical angle not 
sharply defined. An accurate measurement of the index of refraction of MoKa; in gold 
would be valuable as a check on the Drude-Lorentz dispersion formula because of the 
expected large resonance effect due to the L-electrons. 


8. Refraction of x-rays in prisms. BERGEN Davis and C. M. Stack, Columbia 
University.—A continuation of measurements of refraction of x-rays by means of a double 
x-ray spectrometer (Phys. Rev. 27, 18, (1926) ). The double x-ray spectrometer is well 
suited to this purpose, since the position of the peak of the rocking curve is not affected 
by unsymmetrical absorption in the prism. Measurements of 5, (u=1—65) were made in 
substances tabulated below with the observed value in brackets. Using Mo Ka (A= 
.7078) the values of 610° are: Ag (5.85), Cu (5.95), S:(1.39), Al (1.68), Carbon (graph- 
ite) (1.23), celluloid (.98) and paraffin (.7). Using CuKae (1.537), the values of 5x 10° 
are: Al (8.4), celluloid (4.78) and paraffin (3.28). These results agree well with the values 
calculated. Broadening of rocking curves—The rocking curves were much broadened 
when the rays passed through granular substances such as graphite, grated paraffin, etc. 
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This effect, which appears to be due to refraction by the successive particles, has been 
treated theoretically by Dr. R. van Nardroff. A formula has been obtained which per- 
mits the calculation of the size of the particles from the observed broadening. 


9. The refraction of x-rays applied to the determination of the diameters of small 
particles. ROBERT VON NARpDRoFF, Columbia University.—The divergence introduced 
into a beam of x-rays on passing it through a mass of refracting particles is investigated 
mathematically. It is found that a plane beam would be scattered by a single sphere 
of index of refraction 1 =1—4 so that the fraction of the energy in a cone at an angle 
between w and w-+dw with the original direction is 85*wdw/(45*+w*)?. For a large 
number of spheres, if m is the average number of spheres passed through by a ray, the 
root mean square bend produced is ao = 28[n(log 2/5+1)]* and the fraction of the energy 
lying in a cone between a and a+da is 2a(exp. (—a*®/ao*) )/ac?. For a beam originally 
having a width at half maximum Woas measured on the rocking curve of the second 
crystal of a double x-ray spectrometer, the width after passing through the refracting 
material will be W =(W0?+2ac?)?. This gives a means of determining the number, and, 
if the total mass is known, the size of particles which could not be measured by other 
methods. The method is applied to rocking curves obtained by Davis and Slack for 
beams passed through different thicknesses of graphite. The variations of curve width 
with thickness of graphite are found to be in agreement with the theory, and, assuming 
the particles acted like spheres, their approximate diameter is found to be .0035 cm. 


10. The theory of x-ray dispersion. R. p—E L. Kronic, Columbia University.—The 
quantum theory of dispersion as developed by Ladenburg and Kramers is extended so 
as to apply to the refraction of x-rays, where the number of atoms in a wave-length 
cube is no longer large, and the absorption forms a continuous band. A general formula 
for the index of refraction in terms of the atomic absorption coefficient a and the critical 
frequencies is given. From the condition, experimentally verified, that the electrons 
in the atom for impressed frequencies, large compared to their natural frequencies, shall 
act like free electrons as far as the index of refraction is concerned, a relation is obtained 
for a. The theory is in accord with Heisenberg’s quantum mechanics. Some considera- 
tions on the origin of the Compton shifted radiation are added, from which it appears 
that in the wave description this radiation must be regarded as coming from all the 
atoms and as being coherent with the incident waves; a result suited to stress the diffi- 
culty of harmonizing the wave picture with that of quantum processes in the atoms. 


11. The polarization of characteristic x-rays. J. B. BisHop, Cornell University.— 
An investigation to determine a possible state of polarization of the alpha lines of 
molybdenum was undertaken in the following manner: A molybdenum target water- 
cooled Coolidge tube was so mounted that it could be rotated about an axis perpendicu- 
lar to the cathode stream and passing through the focal spot. A carbon block was 
placed in the path of the x-ray beam and the intensity of the radiation from it was 
measured parallel to and perpendicular to the cathode stream respectively as the tube 
was rotated. A second ionization chamber receiving a portion of the direct beam was 
used in order to detect a possible variation of intensity of the incident radiation due to 
improper alignment and fluctuations of the current through the tube. When a zirconium 
filter, which is relatively transparent to the alpha lines, was used; it was found that the 
ratio of the intensity of radiation scattered parallel to the cathode stream to that 
scattered at right angles to the cathode stream was about 0.74. On using a strontium 
filter, which strongly absorbs the alpha lines, this ratio was about 0.84. One concludes 
from these results that the alpha lines are at least partially polarized. 


12. An electron lattice theory of metals. BrrtTrAM E. WARREN, Massachusetts 
Institute of Technology.—Metallic crystals are built up of positive ions and of electrons, 
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both the ions and the electrons arranging themselves in a definite space lattice. The 
particular type of lattice utilized must represent a minimum of potential energy, and 
therefore depends on the number of valence electrons given up by each atom. The 
heuristic rule is laid down that atoms with one or two valence electrons will lose them, 
while atoms with more than two will lose only those in excess of two. The metals of 
Group I and III should utilize a complete lattice of the rock salt type, the sub-lattice of 
the positive ions being face centered cubic. In exception to this, the sub-lattice of the 
alkalies must be considered as face centered tetragonal. The sub-lattice of the metals 
of Groups II and IV should be either face centered cubic or hexagonal close packed. 
Groups V and VI should utilize a sub-lattice of the body centered cubic type. The lattice 
of a Group VII metal should not be of any of the simple types. These predictions are 
in very good agreement with the results of x-ray determinations. Such physical prop- 
erties as the good ductility and conductivity of the face centered metals, and the high 
melting points of the body centered metals would be expected. The metals of Group VIII 
have not been classified. 


13. The carbon atom model and the structure of the diamond. R. B. Linpsay, 
Yale University.—Using a method similar to one previously described by the writer the 
2, orbits in neutral carbon are approximately computed, introducing the assumption 
that the four orbital planes are arranged in tetrahedral symmetry. The atoms are then 
distributed in the diamond lattice and the field on any electron due to its own atom and 
neighboring atoms is calculated as a function of the distance from the nucleus assuming 
that: (1) the orbital plane of the electron is oriented in a certain symmetrical way rela- 
tive to the lines joining its nucleus to those of the neighboring atoms; (2) for a first 
approximation only the four nearest atoms may be considered as effective; (3) the 
effect of the electrons in the neighboring atoms is that due to a time distribution of their 
charges in their orbital planes, disregarding definite phase relations such as have been 
assumed by previous writers. An approximate expression for the increase in energy of 
the electron orbit due to the neighboring atoms is developed, and the calculation of 
the lattice energy per electron for various values of a, the lattice constant, is carried out. 
The equilibrium value of a comes out between 1.10A and 1.60A (nearer the latter). In 
fact the heat of sublimation for a=1.50A is found to be 161 calories per mol. The 
accepted experimental values for these quantities are a=1.54A and Y=168 to 177 
calories per mol. Compressibility calculations for this model are being undertaken. 
















14. The crystal structure of zirconium oxide. WHEELER P. Davey, General 
Electric Company.—ZrO, appears to crystallize in several forms. Using the powder 
method, diffraction patterns of two of these have been interpreted. One type shows that 
ZrO, may exist in a face-centered cubic lattice of ZrO2,, a=5.098A. The strong lines of 
the pattern taken alone show a diamond cubic pattern, indicating that the Zr**+** and 
2 O- are situated in the lattice like Ca*+ and 2 F- in CaF:. The second type of dif- 
fraction pattern shows that ZrO, may exist in a triangular close-packed lattice of ZrO:, 
a=3.598 and C=1.633. This structure is closely related to the face-centered cube. 
Both structures give a density of 6.13 which is to be compared with 5.75 given in 1860 
by Nordenskiold. 










15. Nickel-chromium solid solutions. F. C. BLAKE and A. E. Focke, Ohio State 
University.—A complete series of nichrome alloys has been studied by the powder 
method of x-ray analysis and the amount of distortion of the nickel lattice by chro- 
mium substitution and of the chromium lattice by nickel substitution has been de- 
termined. ; 

The influence of impurity due to the crucible in which the melt is made has been 
studied and the correct lattices free from such influence have been determined. Inter- 
metallic compounds and allotropic forms have been the subject of special study. 
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16. The ultra and extra-ultraviolet spectrum of iron as developed by the inverse 
photo-electric effect. Orro STuHLMAN, JR., University of North Carolina.—A three 
element vacuum tube of the commercial form VT-I, with p'atinum filament and iron 
grid and plate, was used. In series with the grid was a sensitive galvanometer and a 
variable potential whose negative terminal was connected to the negative end of the 
filament. A second circuit with the positive end of a battery connected to the plate 
and its negative terminal connected to the galvanometer served to keep the plate at a 
constant positive potential higher than. the positive potential of the grid. As a result 
of critically accelerating electrons, emitted by the filament, towards the grid mono- 
chromatic radiations are emitted, which are reabsorbed by the grid resulting in photo- 
electric emission. Such emission and absorption interpretations are given the dis- 
continuities which appear in the potential-current curves. They are evaluated by the 
usual VA=12344 relation. Using a work function for iron equal to 5.000 volts the 
following spectral regions were reproduced. Spark spectrum of iron (Exner-Haschek, 
Spectren Tabellen) pronounced lines between 2456 and 2213. New lines between 2211 
and 2154. Millikan, Bowen and Sawyer’s spark spectrum, including the spectral region 
investigated by Bloch, from 2152 to 880A. The spectrum is being extended beyond 200A. 


17. The extreme ultra-violet spectrum of titanium. R.C. Gipss, Cornell Univer- 
sity.—Using one of the vacuum spectrographs at the Norman Bridge Laboratory of 
Physics, California Institute of Technology, photographs of the hotspark spectrum- 
of titanium were obtained over the region from 192 to 1718A. By comparison with the 
data of previous workers in this part of the spectrum, it was possible to identify many 
of the lines obtained on the plates as due to other elements such as oxygen, carbon and 
silicon, many of which are present with every element used as electrodes. By placing a 
plate for titanium and one for some other element obtained with the same setting of the 
spectrograph face to face on the comparator it was possible to determine with consider- 


able accuracy, by taking relative intensities and structure of line also into consideration, 
what lines were not due to titanium. All of the twenty-five lines reported within the 
above limits by Lang were found and about ninety additional lines. Careful focussing 
and the use of a very narrow slit made it possible to fix the wave-length to within .05A 
in the case of many lines obtained in the second order. On one plate it was possible to 
observe in the second order all seven components of the 834 oxygen line. 


18. On the spectrum of argon. F. A. Saunpers, Harvard University.—The 
spectrum of argon in the extreme ultraviolet obtained by T. Lyman shows a very 
strong pair at \A\1048.26 and 1066.72, and many other lines, some as yet unidentified. 
Following Paschen’s neon notation, this pair is a combination between a 1p level (j =0) 
and 2s2, 2s. The known frequency-differences in the rest of the argon spectrum yield 
the terms 2s; and 2s;, and many 2 terms are readily obtained, some of which combine 
with all four s terms, others with sz, s, and ss only, as in neon. Three of the latter 
(presumably 4, ps and ps) are unexpectedly found to combine with 1p, and produce 
strong lines (A\941.39, 932.09, 919.80). The same combinations also produce lines, 
(though weaker) in neon (AA, 662.84; 665.30; 667.46), not previously identified. For these 
lines 7 must change from 0 to 2; they are thus quite unconventional. They are produced 
with a mild excitation. Other pp combinations seem to be present, but are not yet 
firmly established (e.g. Argon \946.95). Many other terms in the argon spectrum have 
also been found, and photographs have been taken in the ultrared, which are yielding 
data for a complete analysis of this spectrum. 


19. The quantum theory of the Zeeman effect for band lines. E. C. KEemsBLe, 
Harvard University.—Assuming an electronic angular momentum with fixed com- 
ponents o and « along and perpendicular to the axis of figure of a diatomic molecule, 
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the application of Bohr’s postulates to the precessional motion in a magnetic field leads 
to the Zeeman term formula 
E=Eo+rhAvn(o?+(j?—0)}) /j?, 

where r is the magnetic quantum number, subject to the usual selection principle, 
Av, is the Larmor frequency j is the total angular momentum. The following qualitative 
inferences may be drawn: (a) The Zeeman pattern for lines adjacent to a band origin 
will normally be simple and the scale may be similar to that for.an atomic line. (b) The 
outer lines of a band will have very complicated patterns, usually on a scale entirely too 
small to detect. (c) If the initial and final values of ¢ are different, the outer lines of a 
band will seem to be diffusely broadened in a magnetic field. (d) The direction of 
rotation for the Faraday effect in the neighborhood of a band line will frequently be 
different for the P and R branches of the same band. The theory agrees with the meagre 
experimental facts only in general qualitative features. 


20. On the continuous spectrum of hydrogen. W. H. Crew and E. O. Hutsurt, 
Naval Research Laboratory, Washington, D. C.—In a discharge tube filled with dry 
hydrogen at a moderate pressure (1 to 3 mm Crookes dark space) the striations near 
the negative end of the positive column have quite different colors, widths and spacing; 
the first is a vivid blue and narrow, the second or third is pinker and wider, the third or 
fourth bluer again, the remainder being pinker or whiter for the most part. Spectro- 
grams showed that the first blue striation, i.e. the one next to the Faraday dark space, 
emitted the continuous spectrum of hydrogen in great purity, the Balmer and molecular 
lines being relatively feeble. In the other striations the continuous spectrum was weaker 
than the line spectra, and in the cathode glow, Crookes dark space, negative glow and 
Faraday dark space was absent. The intensity decrement of the Balmer lines appeared 
to vary in different parts of the discharge. With moist hydrogen the Balmer lines were 
bright and the continuous spectrum dim in the striations. These facts together with the 


positive the ray analyses of the ions in a hydrogen discharge by Smyth and Brasefield 
support the conclusion that H; is the source of the continuous spectrum of hydrogen. 


21. The structure of the hydrogen molecule. H. C. Urry, Johns Hopkins Univer- 
sity.—Recently Dieke and also Takahashi have arranged the Fulcher bands of hydrogen 
into single band systems with each band consisting of a zero branch. To these Dieke 
has added positive branches for the red bands and incomplete branches for the green 
bands. A study of these positive branches shows that they may be rather doubtful. 
Witmer has shown that the Lyman bands in the far ultraviolet have a similar structure. 
Since only one band system appears in each group it seems most reasonable to assume 
that the vibration quantum number does not change in these transitions and that 
therefore the molecule is symmetrical about the median plane. Since the bands have only 
zero branches the molecule must have no angular momentum in the electron system for 
otherwise the frequency of rotation of the nuclei would appear in the Fourier expansion 
of the electron motion and therefore positive and negative branches would appear. 
It seems necessary to assign the steady states involved to the vibration electron orbits of 
the median plane. This would give no first order Zeeman effect as required and a dia- 
magnetic model for the normal state. 


22. The structure of the hydrogen molecule ion. H. C. Urey, The Johns Hopkins 
University.—The energy levels of the vibrational model of the hydrogen molecule ion 
have been calculated including the energy contributed by the vibration and rotation 
of the nuclei. The calculated spectroscopic term is - 

v= — 134899 /n*?—9.37 /n**+-5358n,/n** +-107.6m,?/n**—0.1767m,4/n**, 


where n*, m, and m, are the quantum numbers conjugate to the electron coordinate, 
and the vibrational and rotational coordinates of the nuclei respectively. The applica- 
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tion of the correspondence principle to the model requires that An*=1, 3, 5,..., 
An,=0 and Am, =0 for transitions emitting light. Bands emitted from such a molecule 
should consist of single band systems, each band having a zero branch only. Exact 
agreement between theory and experiment has not been found. 


23. P, Q, R combinations in the sodium hydride many-lined molecular spectrum. 
E. H. JoHNson, University of Chicago.—A study has been made of the many-lined 
spectrum obtained from sodium arc in hydrogen in the region from 5500 down to 43800. 
Direct comparison of high dispersion plates shows an arrangement wholly different 
from that of the hydrogen secondary spectrum. Though at first sight there is little 
evidence of band structure, several groups of P, Q and R branches have been traced 
out by means of the combination principle. The AF(m) relations indicate the presence of 
a Kramers and Pauli effect. Preliminary values of 2B lead to a final moment of inertia 
of about 5.5 X 10~** gm cm’, which gives a nuclear separation of about 1.8 X 10-* cm for 
a sodium hydride dipole. A detailed quantum analysis of the bands is included. 


24. Half-integral vibrational quantum numbers and rotational energy data for the 
MgH bands. Wiitiam W. Watson, University of Chicago.—The magnitude of the 
isotope effect in the \5211 band is shown to agree exactly with the assumption that 
n'=4 and n’’=4, as demanded by the new quantum mechanics. The “zero-points” of 
this band system can be represented by the equation 

vy=19217+(1603.5 n’—34.75 n’) — (1493.5 m’’—31.25 n’") 


where n’ and n”’ take on half-integral values from 4 to 34. For the final state in the 
45211 band, the rotational energy can be represented by F=Bm*+Dm‘-+-Fm* where 
m=j+4—, «having the approximate value 0.47. Kemble’s formula, w=(—4 B*/D)* 
gives the vibrational frequencies in the » formula to within the experimental accuracy 
of the data. The values of AF for the initial state indicate the presence of a Kramers 
and Pauli effect. The results of a least square solution and the question of missing 
lines lead to the approximate value «=0.43 for the initial state. A comparison with 
rotational energy data for the C+H bands is made. 


25. Nitrogen Series in the ultraviolet. J. J. Hoprietp, University of California. 
—Four new series, namely, two series of triplets probably converging to a common 
head and belonging to the quartet system, and two series of doublets also having a 
common limit and belonging to the doublet system, have been observed in nitrogen. 
The short wave-length lines of one of the triplet series are given accurately by the 
equation 

v =117353 — 109677 (m+-0.845685 — 0.022749 /m? —0.026562/m*)-* 


in which m=1, 3 and 4 correspond to terms already observed by Kiess. m=2 gives a 
new triple term, and 1S =117353 (14.48 volts) is the lowest energy level yet observed in 
neutral nitrogen. The two doublet series which begin with the previously known lines 
at 41742 and 1592 respectively have each been observed to three members. Their 
common limit is 98100 cm=! (12.11 volts). The terms representing these series are 
linked to the doublet terms already observed through the lines at 41742. The resonance 
and ionizing potentials of neutral nitrogen are contained in the data given above. Inter- 
series and other relations are now being studied. 


26. The infrared spectra of brucite and some sulphates; isotopic effect. E. K. 
PLYLER, University of North Carolina.—By means of an infrared spectrometer the 
structure of the absorption band of brucite [Mg(OH)),] was studied. The region of greatest 
absorption was found to be at 2.48 uw. Besides this maximum there were small maxima 
of absorption located at 2.40 yu, 2.30 u, 2.14 uw. The maxima at 2.48 y», 2.40 wu, and 2.30 » 
correspond approximately in position and absorption to the isotopes of Mg™, Mg*, 
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and Mg” as found by Aston. The small band at 2.14 u, corresponds in position to Mg**. 
However this isotope is not given. The work of Coblentz has been examined for the 
isotopic effect. In the reflection spectrum of nickel sulphate in solution there are two 
maxima located at 9.15 u, and 9.50 u. The secondis more intense. These maxima are 
probably due to Ni** and Ni®®. In the spectrum of potassium sulphate there are two 
maxima, one at 9.00 uw, and the other at 9.40 wu. The maxima at 9.40 » is much more 
intense. These two maxima are probably due to K****! and K*® taken twice. Other 
sulphates in solution only showed one maximum. 


27. The intensities of the lines in the HCl absorption band at 3.5u. D. G. BourGIN 
and E. C. Kemsie, Harvard University—Measurements of the absorption curves for 
the HCI band at 3.5 4 have been made by the writers with tube-lengths varying between 
0.1 cm and 3 cm. From plots of the areas of the individual lines against tube-length 
the areas of the corresponding absorption coefficient curves have been determined. 
The measurements cover all lines between the tenth of the R branch and the sixth 
of the P branch. The results are in harmony with the formula previously derived by 
one of us (Phys. Rev. 25, 1, (1925)) provided that the statistical weight series 1, 3, 5, 
7, ... is used as suggested by Fowler and Dieke (summation rule). The agreement 
between the results and the theory was within three percent of the intensity of the 
strongest line for all but two of the lines measured. From the shapes of the area-tube- 
length curves it may be inferred that the lines are very sharp, the center of the strongest 
lines being completely absorbed in the first few millimeters of absorption path. The 
variation in the shapes of the curves from line to line shows definite evidence of a rota- 
tional isotope effect. 


28. Analysis of Wood’s iodine resonance spectrum. E. C. Kemsie and E. E. 


WitM_rR, Harvard University.—The resonance spectrum of I; excited by the broadened 
green mercury line consists of several series of doublets. According to Lenz each doublet 
is due to molecular transitions from a definite initial excited state to two different final 
rotational states. The different doublets in a series are due to different final vibrational 
states, the different series to a variety of initial states present because the exciting line 
covers a number of absorption lines coming from different absorption bands. Mecke 
has partially analysed some of the absorption bands in the red and has worked out 
empirical formulas for the frequencies of the resonance series. Kratzer and Sudholt 
have written out theoretical formulas for the resonance series in harmony with the 
observations and from Mecke’s data have evaluated the moment of inertia of the 
molecule. Assuming that the nuclear rotational quantum numbers of the final states 
associated with each doublet differ by exactly two, the authors have revised and extended 
the work of Kratzer and Sudholt. We obtain the values 7.9 X 10-*8 gm cm? and 11 X 10-*8 
gm cm? for the moments of inertia in the normal and excited states respectively. The 
large difference between these values locates the origin within three lines of the head. 


29. The fluorescent and absorption spectra of iodine. F. W. Loomis, New York 
University.—The four series without linear terms found by Mecke (Ann. d. Phys. 71, 
104, (1923)) in Wood’s spectrum of fluorescent iodine excited by the broad green mercury 
line are due to four lines of the band (26, 0) ; those with positive doublet interval to lines 
in the P branch. The P and R branches are the absorption series Ia and Ib found by 
Mecke in this region. The fluorescent lines are identified. This makes it posisble to 
pick out a series of pairs of lines with common m’, and another with common m”’ and 
hence to find By’’ =0.03835, B’ =0.02480 cm=!, Jo=(7.21+.03) X10-** and the absolute 
values of m which turn out half-integral. Similarly, lines of Mecke’s series II belong 
alternately to the P and R branches of band (27, 0) and the fluorescent lines are identified 
as are also the main lines in three of the four remaining fluorescent series. Wood's 
measurements of the magnetic rotation of six absorption lines show in every case the 
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“normal” direction of rotation for lines here assigned to a P branch and the opposite 
for R lines. These results demonstrate the existence of P and R branches in absorption, 
which Mecke has doubted, and confirm the Lenz theory. 


30. On the pelarization of fluorescent light from colloid solutions. Paut Frou .icu, 
University of Chicago, (introduced by William W. Watson).—The partial polarization 
of fluorescent light from aqueous solutions of fluorescein, eosine, magdala-red, rho- 
damine 5 G, and rhodamine B extra, produced by dissolving in them more and more 
gelatine, gum arabic, or agar-agar; and in acetone solutions of the same substances by 
dissolving in them successively more celluloid, has been investigated. Three different 
wave-lengths of the plane polarized exciting light were used. It is found that the percent 
of polarization is successively increased from zero or a low value to a maximum, by 
dissolving in the solution a colloid. The maximum value will be reached in some cases 
with 60 percent, in others with 100 percent colloid in a solid film. The percent of polariza- 
tion in the case of colloid solutions shows the same effects as in the case of non-colloid 
solutions with a high viscosity, such as glycerin or oils. It is increased by lower con- 
centration of the dye, and by longer exciting wave-length. With dyes having shorter 
wave-length absorption bands (fluorescin, eosine), the wave-length effect proceeds at a 
slower rate than with solutions having longer wave-length absorption bands (magdala- 
red, rhodamine). By suitable choice of concentration and exciting wave-length, the 
maximum value of the polarization is about 35 to 40 percent. 


31. Fluorescent exciting power and black-body radiation. E. H. KENNARD, 
Cornell University.—Suppose one quantum number of an atom has normally the 
value m, while another m is statistically distributed by thermal agitation. Let absorp- 
tion at frequency vz; change m to mz and m from m, to m2; and suppose that after this 
process thermal agitation is either (a) ineffective (then m2: =m; below) or (b) completely 
effective in re-distributing m statistically. Suppose fluorescent emission of frequency 
vy then occurs while n changes back to m, and m changes from m; to m,. Then the Ein- 
stein theory (1917) leads to the equations 

dyz = Rraytly, dyz/ dry = yy / Vez, 

where ¢,:z = fluorescent emission of frequency », per unit volume excited by unit energy 
density at »z, a,=absorption coefficient and u, =black-body density of radiation for »,, 
and the factor kz depends on », but not on »,. These equations should hold for iodine 
fluorescence, n referring to the electron jump and m either to the rotation of the molecule 
or to the atomic vibration. For the second equation, restrictions (a) and (b) are probably 
unnecessary. Perhaps the equations will hold also for fluorescent solids and liquids; 
experiments are in progress. 


32. Transformation spectra and the principle of essential indentity. E. L. NicHorts 
and H. L. Howes, Cornell University.—At their transformation points many incan- 
descent bodies, particularly certain oxides, emit light over and above that due to their 
thermal state. The effect, although reversible, is most readily seen as a temporary flash 
up when a small mass of the substance is cooling. Through the spectroscope it may be 
seen to be selective. When the incandescent body contains a rare earth in solution, as 
activator, the transformation spectrum consists of narrow bands which appear suddenly 
in the field of view and melt away as the temperature falls below the transformation 
point. These coincide with the fluorescence bands characteristic of the activator or where 
that is not the case are members of the sets of equidistant components of which the fluor- 
escence spectrum is composed. In other words, the fluorescence spectrum and trans- 
formation spectrum for a given activator are essentially identical and the principle of 
essential identity, hitherto applied to luminescence at ordinary temperatures is extended 
also to the luminescence of incandescent substances. (Nichols and Howes, Phys. Rev. 
19, 304 (1922).) 
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33. The form of the absorption bands in solutions of the organic dyes, and a rela- 
tion between absorption and fluorescence. ERNEST MERRITT, Cornell University—It 
is assumed that the active molecule behaves as an electric doublet whose moment 
changes from jo in the normal state to u, when excited. In the field E due to the solute 
molecules the frequency for absorption, or emission, is then v instead of », where hy = 
hvo+(u:—o)E. If thermal equilibrium is assumed the absorption coefficient a, which is 
determined by the distribution of the normal molecules, and the fluorescence F, de- 
termined by the distribution of the excited molecules, will be 
a= V(E)exp(—poh(v—v)/Rt(ui—o)), F = Fohv V(E)exp(—pih(»— vo) /Rt(u1—u0)), 

F/a= Fohvexp(— h(v—) /kt), 
where V(E) is the volume within which the field (in the direction of yuo) lies between 
E and E+dE, and Fo depends on the duration of the excited state. If the solvent mole- 
cule is also a doublet, V(Z) is shown to be independent of » through a considerable range, 
so that @ is exponential on the long wave side of the band. This result is confirmed by 
experiment with uranine in water. Measurements, not yet of high accuracy, indicate 
agreement with the theory to within 10 percent in the value of F/a. 


34. Gyromagnetic electrons and a classical theory of atomic structure and 
radiation. ‘Louis VEessot KiNG, F.R.S., McGill University—A charged sphere in 
rotation with spin Q is deformed by translational velocity v into an ellipsoid of revolu- 
tion, and as a result acquires the properties of a gyrostat in so far as precessional oscilla- 
tions are concerned. The electrodynamic coefficients of inertia (A, C, C) are rigorously 
determined by integrating the magnetic energy throughout the space, within and with- 
out the ellipsoid whose deformation is considered to be physically real. It is shown that 
the frequency »v of precessional oscillation is given by 

2av = 2,(C—A)/C = 2, (4, — a1) 87(1 +018? +284+ ....), (1) 
and leads to the formula hv = 4myv*(2)for moderate velocities, where mo = 3e?/a and 8B =v/c, 
the velocity of light being denoted by c. Remembering that a precessing electron has 
the properties of a small magnet, and therefore can radiate electromagnetically, equation 
(2) is the well-known photo-electric equation, while h becomes a fundamental constant 
of a rotating electron expressed in terms of spin by the relation hQ; =c?mo/(¢;: —a;)(3) 
where (c;—a;) is a numerical constant equal to z for the simple model considered. The 
spinning deformed electron leading to equation (2) appears to give, on classical mechanics 
and electrodynamics, the key to radiation problems generally, and in the corresponding 
theory of atomic orbits yields the principal fundamental series formulae, as well as an 
adequate account of fine structure, Zeeman and Stark effects. 


35. Light quanta and interference. A. J. Dempster, University of Chicago. 
Experiments by W. Wien and by the author have shown that after 5 X 10° seconds the 
process of light emission from a radiating atom is practically complete. The energy from 
a glow discharge radiated in the helium line 4471 (decay constant 5.4210") was 
measured by comparison with the intensity of the spectrum from a black body at a 
known temperature. The glow discharge was made so faint that 8.410~" ergs or 19 
quanta fell on the end of an echelon diffraction grating per second. With this intensity 
each light quantum must pass through the echelon separately. Interference patterns 
were photographed, showing the same appearance as with bright sources. In particular 
the characteristic double order image was photographed, indicating interference of 
rays that have passed simultaneously through the fifteen different steps of the echelon. 


36. Effect of an electric field on the radiation from hydrogen atoms. K.L. HERTEL, 
University of Chicago. (Introduced by A. J. Dempster).—Canal rays were allowed to 
pass from a discharge tube through a small hole into an observation chamber which 
was kept at a very low pressure (.0005 mm of mercury). The luminosity from the rays 
died out rapidly as found by other observers. The light from the canal rays on first 
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entering the low pressure chamber was observed to be partially polarized, the com- 
ponent parallel to the bundle being the stronger. It was found that the polarization 
decreased with increasing distance from the opening, the rate of decrease of the polariza- 
tion being greater than the rate of decrease of the intensity of the rays. When an electric 
field was applied across the bundle the polarization observed at right angles to the field 
behaved quite differently. The initial polarization altered very rapidly, and, at two 
millimeters beyond the opening, was reversed so that the component polarized parallel 
to the bundle was weaker than the other. This partial polarization then gradually de- 
creased in the field at about the same rate as a polarization then gradually decreased 


in the field at about the same rate as a polarization observed without the electric 
field. 


37. The effect of changing the conditions of excitation upon the time of appearance 
of certain spark lines of cadmium and zinc. J. W.BrAms, National Research Fellow, 
University of Virginia.—The appearance of the spark lines of cadmium and zinc was 
studied in the two spectra produced when the same spark discharge passed between 
metallic electrodes in air and through the ionized vapor of the metallic arc, by a method 
previously described (Brown and Beams, J.0.S.A. & R.S.I., 11, 11, (1925)). Each of 
the spark lines 4924, 4912 (4d,,2—4f); 6103, 6021 (4p,—5d,), (4f2—5ds) of zinc and 
5378, 5338 (Sd,—4f,), (Sd:—4f2) of cadmium were observed to appear simultaneously 
in both spectra. From this it is concluded that the sequence in the appearance of 
spectrum lines in the spark is predominantly an atomic phenomenon and practically 
independent of the characteristics of the spark discharge. 


38. Intensities in spectra and the new quantum mechanics. FRANK C. Hoyt, 
National Research Fellow, University of Chicago.—On the basis of the new quantum 
mechanics of Heisenberg and Born it becomes possible for the first time to obtain exact 
expressions for the intensities of spectral lines. If the intensities for the linear oscillator 
as given by Born (Zeit. f. Phys. 34, 858 (1925)) are compared with those calculated on 
the basis of the older form of the theory it is seen that no one of the possible expressions 
which were previously proposed can be regarded as exact, provided the new theory is 
accepted. Computations from the new theory are shown to be in agreement with the 
relative intensities of the (01) and (02) bands in HCl. 


39. The use of a cathode-ray tube for the transmission of speech. C. W. VAN DER 
MERWE, Washington Square College, New York University, (Introduced by H. H. 
Sheldon).—One of the chief defects of the ‘speaking arc’”’ as used by H. Th. Simon in 
1898 was its comparative failure to reproduce in a satisfactory manner high-pitched 
tones. This failure was obviously due to the thermal inertia of the arc. The minuteness 
of the mass of the electron, and for that matter of the atom, suggested the substitution 
of an ordinary discharge tube for the electric arc. A tube of special construction con- 
taining a trace of a mixture of helium and neon was used and the substitution met with 
marked success, the high notes coming through much more clearly than in the case of 
the arc, sibilants like ‘‘s’’ and “‘c’”’ being distinguishable from one another and voices 
being recognizable. Quantitative comparisons confirmed the superiority of the tube 
over the arc, and with a current of only 10 milliamperes flowing through the former, 
it was possible to telephone a distance of 60 feet with the greatest ease. The key to the 
success of the “speaking tube”’ is the luminosity of the discharge, since the light from the 
glow has to be reflected to the receiver. The success of this essentially wireless telephone 
will therefore depend on the efficiency with which discharge tubes carrying large currents 
can be built. 


40. Experiments on cathode sputtering. E. O. Hu_spurt, Naval Research Labora- 
tory, Washington, D. C.—Experiments with the flying metallic particles sputtered 
from a cathode have yielded the following facts. The side of a glass plate away from the 
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cathode receives a film of metal as well as the near side. There is no critical relation 
between the position of the glass plate with reference to the boundary of the cathode 
(Crookes) dark space and the film received. Shadows on the metallic film, in some cases 
geometrical and in others more complex, are cast by diaphragms and obstacles. No 
evidence of the reflection of the particles from glass or metal plates was obtainable. 
The particles enter open-ended glass tubes only to a distance roughly equal to the 
diameter of the tube. Some of the particles leave the cathode surface normally and 
therefore may be focussed on to a glass plate by a concave (spheridal surface) cathode. 
The circular film thus formed, however, had an unexpected hole in the certer. Likewise 
a cylindrical cathode, which should concentrate the film into a strip, did so, but the 
strip had a central line of no deposit. The explanation of the various effects is perhaps to 
be found in the different sizes, velocities and charges of the flying particles combined 
with the many complexities of the interior of a discharge tube. Experiments with 
twenty-two metals enable them to be classed according to their relative ease of sputter- 
ing. 


41. Normal arc characteristic curves depend on the absolute temperature of the 
anode. W. B. NotrincHaM, Princeton University.—The characteristic curves for normal 
arcs in air have been found to follow V=A+B/I*" where V is the potential drop, J the 
arc current, A, B, and n constants with n directly proportional to the temperature of 
the boiling point of the anode material. Since the publication of this equation (Trans. 
A.1.E.E. Jan. 1923, p. 12) it has been verified by Anderson and Kretchmar (Phys. Rev., 
26, 33, (1925) ) for short platinum and tungsten arcs of small current intensity. Recent 
measurements on tungsten arcs 2.0 mm to 10.0 mm in length and for currents 1.0 to 
10.0 amperes show the average value of m to be 1.38 indicating a temperature of 5250°K 
while for the six arc characteristics of lengths between 5.0 mm and 10.0 mm the value of 
n was found to be 1.34 which corresponds to a temperature of 5100°K and agrees exactly 
with the Langmuir calculation. (Phys. Zeit., 14, 1273, (1913)). The ten points now 
located along the straight line » =2.62(10)-‘T are 

Anode W Pt C CuO Al,O; NiO Ag Pb Sb Bi 

T° K 5100 4180 3770 2580 2480 2450 2370 1850 1710 1690 
n 1.34 1.15 0.985 0.67 0.65 0.64 0.624 0.48 0.46 0.445 
These observations indicate that there may be something more significant to the equation 
V=A+B/I* than simply a convenient empirical formula and should be recognized as 
an experimental fact to be explained by any comprehensive theory of the electric arc. 


42. Collisions between electrons and gas molecules. IRvinc LANGMUIR and H. A. 
Jones, General Electric Co.—By a method already described (Science, 59, 380 (1924) ) 
the volt-ampere characteristic of a cylinder surrounding a coaxial cathode in a gas at 
low pressure gives quantitatively the probability P (per cm of electron path) that the 
electron, of 50 to 250 volt energy, will make a collision of a specified type. Thus the 
collisions may be elastic (P.) or inelastic (P;) and the inelastic collisions include those 
that ionize (P;) and those (P,) that make the electron lose a definite energy corresponding 
to a resonance potential (E, volts). The electrons that make elastic and resonance 
collisions are scattered by each such collision only through small angles distributed 
according to probability laws, @. and 6, being 2/x! times the most probable angle of 
deflection in degrees. The results for 100 volt electrons calculated for a gas pressure of 
1000 bars at 20°C are 


Gas Fe P; P, 06 6, E, 
Hg 19. ae 10. 14. 14 6.7 
A 10. 14. 1.3 14 14 13. 
He 1.4 a 0.9 26 20 20. 
Ne 7.8 12.2 3.6 14 18 13. 
H, 4.8 7.1 2.8 14 15 12. 
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43. Collector characteristics in neon and helium. R. Rupy, Nela Research Labora- 
tory.—After having passed for variable distances through neon at pressures from .01 
to 1 mm Hg, 70-volt electrons were received upon a disk. With a retarding field of over 
100 volts, only positive ions reached the filament; their number remained nearly un- 
changed as the collector was moved away for a distance of several cms, and then started 
to decrease. When the collector was given the potential of the cathode, it began to 
receive primary electrons, which caused a break in the characteristic. From the slope, 
their average energy could be determined for different positions of the collector and 
compared with the results deduced from the theory of the scattering of electrons. Even 
in inert gases, the loss of energy is considerable besides excitation and ionization, 
whereas it is often neglected in the work on activation and disappearance of gases in 
the electric discharge. As the pressure was increased, the break disappeared entirely; 
the collector was now in the “positive column” of the discharge; a strong increase in 
current occurred only when the anode potential was approached. With heavier dis- 
charge currents space charges (e.g. near the collector) disturbed the field and discon- 
tinuous changes were noted. 


44. Hydrogenation of ethylene by excited mercury atoms. A. R. OLsoN and 
C. H. Mevers, University of California—In a previous article, (J. A. C. S. 48, 389 
(1926) ), we have shown that ethylene and hydrogen react to form ethane under the 
influence of excited mercury atoms. The rate of the reaction was found to be proportional 
to the square root of the partial pressure of molecular hydrogen when all other factors are 
kept constant, and therefore the primary reaction is H,=2H. The atomic hydrogen then 
diffuses from the illuminated region into the body of the gaseous mixture where hydro- 
genation occurs. The addition of an inert gas such as nitrogen should lower the diffusion 
rate. This effect is in qualitative agreement with the increased brightness of the thallium 
lines in the presence of nitrogen as observed by Loria, and in the decreased reaction rate 
of water formation from oxygen and hydrogen in the presence of nitrogen as observed 
by Mitchell. In the present set of experiments a gaseous mixture composed of 2.5 mm 
of No, 4.5 mm of Hz and 1.2 mm of C2H, were circulated past the illuminated window. 
The rate of reaction was found to be the same, within experimental limits, as the rate 
for the same mixture without the nitrogen. Under these conditions any increase of 
reaction rate due to metastable mercury atoms, must be offset by a decrease of rate due 
to diffusion. The broadening of the absorption line of mercury due to the added nitrogen 
was investigated by an external filter containing mercury vaporand found tobenegligible. 


45. Measurement of the increase of metastable atoms in mercury with accelerating 
voltage. HELEN A. MESSENGER and HAROLD W. WEBB, Columbia University.—The 
“radiation” from mercury vapor excited in a four-electrode tube by electrons from an 
equipotential cathode was measured by the “photo-electric” current from the nickel 
plate which was not sensitive to \2537 radiation. A quartz or a calcite window could be 
lowered at will into the space between the grids to cut off metastable atoms from the 
plate. With no window typical Frank and Einsporn curves were obtained showing all 
the breaks which they found. With quartz a similar curve was obtained above 5.2 volts 
although the current was reduced to 10% or less. Below 5.2 volts there was no measur- 
able current. With calcite the currents were still smaller; the 5.7, 6.7, 8.05 and 8.35 
breaks were missing. The difference between the “photo-electric’”’ currents in the open 
tube and those obtained with quartz interposed measures the increase of metastable 
atoms with accelerating voltage. The difference between the quartz and the calcite 
curves shows the presence of 42140 radiation and further shows that the 41849 radiation 
increases linearly from 6.7 volts. 


46. The formation of negative ions in mercury vapor. WALTER M. NIELSEN, Duke 
University.—The method used is similar to that of Mohler (Phys. Rev. 26, 614, (1925) ) 
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Electrons, projected along the axis of a tube between two plates were prevented from 
scattering by a magnetic field of 350 gauss parallel to the axis of the tube. Negative 
ions formed by the attachment of an electron to a molecule or to an atom were removed 
by suitable potentials applied to the side plates. The remainder of the current reached 
a circular plate at the end of the tube. With a small field between the side plates, the 
negative ion current was just barely observable (1107- amperes). With higher 
fields the ion current increased enormously, approaching saturation when the potential 
difference between the side plates was increased to between 3 and 4 volts. The negative 
ion current was of the order of 9X10-* amperes. The total current was of the order of 
1X10-7 amperes. The ratio between the negative ion and total current decreases 
with increase in the driving potential for low voltages, but increases at 2.7, 4.7, 5.5, 
and 8.8 volts. The cause of the break at 2.7 volts is not known. The breaks at 4.7, 5.5, 
and 8.8 volts are believed to be associated with the electronegative properties of the 
mercury atom having an electron in a metastable orbit. The total current increases 
rapidly with increase in the driving potential and decreases at 4.9 and 6.7 volts. 


47. Resonance and ionization potentials in mercury vapor. C. W. Jarvis, Ohio 
Wesleyan University.—Measurements on the critical potentials in mercury vapor were 
made with two types of tubes: (1) a three-electrode tube by which both total and partial 
currents were observed; (2) Hertz differential tubes of several different sizes. The table 
shows the values obtained together with those calculated from the relation Ve=hy 
and those reported by Franck and Einsporn. 

Calc. F.&E. Author Cale. F.&E. Author Calc. F.&E. Author 


1.26 | 5.28 ; 5.22 7.69 7.73 7.74 
2.26 | 5.43 , 5.37 8.05 8.02 
2.83 .80 5.73 , 5.70 8.35 8.33 
3.37 44 ‘ 6.05 , 8.86 8.82 
3.70 .80 ‘ 6.46 ‘ 9.37 9.33 
4.16 21 6.67 , 6.79 ; 9.60 9.58 
4.46 4.68 .53 , 7.13 ‘ 9.78 9.90 
4.86 4.90 4.97 7.46 7.41 
A number of critical potentials below 4.68 volts were observed. The interpretation 
of these is much in doubt, as they imply that in normal mercury vapor the valence 
electron is in a higher energy level than that corresponding to the ground orbit of the 
valence electron. Perhaps they may be attributed to the molecule of mercury. 





48. The ionization potentials of hydrogen and nitrogen on an iron catalyst. GEORGE 
KIsTIAKOWSKY, Princeton University, (Introduced by K. T. Compton).—By the 
method of electron bombardment, Gauger and Wolfenden showed that hydrogen 
adsorbed on nickel has radiation and ionization potentials characteristic of atomic 
hydrogen. Nitrogen adsorbed on a promoted iron catalyst has now been studied by an 
improved method. The catalyst was prepared by reduction in hydrogen and contained 
residual hydrogen. - Ionization potentials in presence of nitrogen were found at 11.1, 
13.0, 16.0, 17.1 corrected volts. The two highest doubtless belong to molecular hydrogen 
and nitrogen. 13.0 volts is slightly different from the ionization potential of gaseous 
atomic hydrogen, but evidently the energy required for ionization of an adsorbed gas 
atom is not necessarily the same as that for a free atom. This energy is compounded 
of the ionization energy of a free atom plus its adsorption energy minus the energy of 
adsorption of a free electron by the metal. The last two terms are not necessarily equal, 
though they are known for hydrogen to be not very different. The ionization at 11.1 
volts was only observed when catalyst and nitrogen were both present and belongs, 
probably, to atomic nitrogen, whose gaseous ionization potential has been estimated 
spectroscopically as about 11 volts. Catalytic poisons were found to suppress the 
critical potentials at 11.1 and 13.0 volts. 
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49. Direct determination of the ratio of Planck’s universal constant to the charge on 
the electron. Ernest O. LAWRENCE, National Research Fellow, Yale University.— 
The precision of the method for critical potential measurements described at the Mon- 
treal meeting has been developed to a greater degree. The most recent determinations 
of the ionization potential of Hg vapor with assigned ‘‘weights” are: 

Volts Weight Volts Weight 

10.46 8 10.36 5 

10.32 + 10.40 + 

10.42 10 10.44 4 

10.37 10 10.39 10 
Calculating in the usual way the mean value and probable error we have for the ioniza- 
tion potential 10.399 (+.007) volts. Applying the quantum postulate to the series limit 
there results for the ratio h/e the value 1.3735 (+.0009)10—". Using Millikan’s 
determination of e we have for h the value 6.550 (+ .006) x 10-”, in which the error pre- 
sumably is concerned with the uncertainty in e. These results are tentative pending the 
outcome of a thorough investigation of possible sources of systematic error. 


50. On the threshold sensitivity of photographic emulsions to low speed electrons. 
KENNETH COLE, Cornell University, (introduced by F. K. Richtmyer).—A new design 
of magnetic dispersion electron spectrograph has been used in an investigation of the 
sensitivity of photographic emulsions to electrons of speeds below 100 volts. With 
commercial emulsions, the lowest speed that will produce a perceptible effect depends 
upon the emulsion and is usually in the neighborhood of 30 volts. It has been found 
however that a very thin film of lubricating oil on the surface of the emulsion enormously 
increases its electron sensitivity and at the same time lowers the threshold speed. With 
both oiled and unoiled emulsions, the photographic action seems to be due to fluorescence 
excited at the surface by the electron impact. 


51. Secondary emissions from metals due to bombardment by high speed positive 
ions. WILFRID J. JACKSON, Princeton University, (Introduced by K. T. Compton).— 
A beam of K* ions from the iron catalyst source discovered by Kunsman was collected 
in a Faraday cylinder. A target could be interposed at the mouth of the cylinder by a 
magnetic control. The difference in current measured in these two cases gave the 
amount of the secondary emission. A transverse magnetic field could be applied at the 
target to prevent emission of electrons and thus separate electron emission from positive 
ion reflection. On bombardment of a molybdenum target which had been baked in 
vacuo to 1000°C and then exposed to air before final evacuation of the apparatus, 
secondary emission was inappreciable if the energy of the bombarding ions was less 
than 250 volts, was appreciable (1%) at 350 volts and rose steadily to about 9% at 
1000 volts. These values depended somewhat on previous treatment of the target. 
After heating in position in vacuo by induced currents the emission fell to not more than 
a third of the above values. The secondary electrons were stopped by retarding fields 
of 0.25 volts. Positive ion reflection did not exceed 2%. Secondary emission from nickel 
was first detected at about 400 volts and increased to about 7% at 1000 volts. 


52. Long wave length limit of mercury. Wayne B. HALEs, California Institute of 
Technology.—Kazda made the first definite and satisfactory determination of the 
critical potential and long wave-length limit for a clean flowing merucry surface, locating 
this critical frequency at 2735A with an uncertainty of +10A. Sophie Taubes’ recent 
determination made on mercury drops suspended in argon was very much higher, namely, 
3043 +20A. I have, with completely new apparatus and new working conditions, found 
this long wave-length limit to be 2735A and have succeeded in getting a stationary 
surface so clean that the critical frequency has been found for it, namely, 2735+10A 
which is in entire agreement with Kazda for flowing mercury. 
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53. A new effect in the photo-electric emission from oxide-coated filaments. 
W. H. Crew, Naval Research Laboratory, Washington, D. C.—Total radiation from a 
quartz mercury arc was directed on to the oxide-coated platinum filament of a two- 
electrode quartz vacuum tube. Current-voltage curves were obtained with and without 
the light shining in the tube; and from these was determined the electron current due to 
the light alone. This current, plotted as a function of the plate voltage, increased 
rapidly to a maximum and thereafter fell off gradually. The position of this maximum 
was found to shift in the direction of decreasing potentials with increase of the tempera- 
ture of the filament. Similar phenomena were observed with a filament made of oxide- 
coated tungsten, but could not be detected for either platinum or tungsten without 
oxide coating. The photo-electric emission was largely due to light of wave-length 
below \3000A; for the photo-current was reduced almost to nothing by use of suitable 
glass absorbing screens, and was enhanced when mercury vapor was removed from the 
tube and the arc was water-cooled. The explanation of these phenomena is perhaps to 
be found in the changes in the surface of the filament under the action of the light rather 
than to space-charge effects. 


54. The theory of thermionics. N. RAsHEvsKy, Westinghouse Elec. & Mfg. Co., 
East Pittsburgh, (introduced by Dayton Ulrey).—The expression for the free energy 
of a metal is derived by computing the “‘Zustandsumme.”’ Account is taken especially 
of the fact that the thermionic phenomena are essentially surface phenomena. The 
expression for the free energy thus obtained is substituted in the general formulas for 
thermionic emission previously derived. The final formula thus obtained gives indica- 
tions for the understanding of the fact that while for pure metals the ‘‘A’’ constant of 
Richardson’s equation has almost exactly the universal value postulated by Dushman, 
it has a largely different value for oxides and adsorbed films. The question as to the 
existence of an electric double-layer on the surface of a metal is discussed, as well as 


the influence of such a layer on thermionic emission. It is shown that while the existence 
of such a layer follows from Schottky’s ‘‘Equilibrium Theorems,”’ the same theorems lead 
to the conclusion that the temperature change of the moment of such a layer is relatively 
small. Its value may be approximately estimated. 


55. Measurement of electronic charge by shot effect in aperiodic circuits. N. H. 
WILLiAMs and H. B. VINcENT, University of Michigan.—The theory of the probability 
variations of thermionic currents and their relation to the charge on the electron was 
investigated by Schottky. Hull and Williams measured the charge on electrons produced 
by thermionic emission, by photo-electric emission and by ionization of a gas. They 
worked with the high frequency currents set up in a tuned circuit by the Brownian 
fluctuations of the electron currents in a tube. The work here presented makes use of a 
five stage amplifier similar to the one they have described. The screen grid tubes were 
furnished by the General Electric Company. A pure resistance is substituted for the 
tuned circuit in which the shot effect is measured and an expression for the electronic 
charge in terms of the high frequency potential difference between the terminals of this 
resistance is developed. Both the mathematical derivation and the experimental pro- 
cedure are considerably simplified. The results thus far obtained are in close agreement 
with the accepted value of the electronic charge. Measurements of shot effect have 
already thrown some light upon the nature of ionization and the mechanism of secondary 
emission and it is believed that this modification of the former method of measurement 
will increase the range of such investigations since the effects are larger and more easily 
measured. 


56. Velocity distribution among thermionic electrons in vacuum and in hydrogen 
atmosphere. C. pet Rosario, Yale University, (introduced by W. F. G. Swann).— 
The thermionic current from a tungsten filament to a coaxial cylindrical electrode was 
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measured for different retarding potentials first in vacuum and then in hydrogen, keep- 
ing the temperature of the filament constant. The heating current was made intermittent 
to eliminate potential drop along the filament when the thermionic current was being 
measured, and it’s effective value was kept constant to 1/20 percent by a Wheatstone 
bridge arrangement of which the filament was made one arm. The filament temperature, 
determined from data of Forsythe and Worthing ranged from 1800°K to 1990°K, and 
the pressure of hydrogen was varied from 0 to 0.22 mm Hg. The distribution of velocities 
among the electrons was found to follow Maxwell's law, contrary to the experience of 
other observers, for a gas in thermal equilibrium with the filament for both vacuum 
and hydrogen atmosphere. 


57. The adsorption of caesium on tungsten and oxidized tungsten. JosepH A. 
BEcKER, Bell Telephone Laboratories, Inc.—By means of a method previously de- 
scribed it is possible to determine the number of caesium atoms and ions that evaporate 
from a cm? of tungsten at various temperatures when the tungsten is covered to various 
extents. The results are exhibited by curves showing rates of evaporation versus fraction 
of the surface covered. A typical isothermal rises sharply at the origin, reaches a maxi- 
mum for 1 percent of covering, then decreases exponentially until the covering is 20 per- 
cent when it again rises steeply. The first rise and fall are due to ions, the second rise to 
atoms. These curves show that as more caesium is adsorbed ions evaporate less readily 
while atoms evaporate more readily. They explain (1) why positive ion emission versus 
temperature curves show a steep rise at an upper critical temperature at which the 
filament cleans off spontaneously, and a steep decline at a lower critical temperature; 
(2) the lack of discontinuities in the electron emission at these same temperatures; 
(3) why the filament may be covered to two different extents separated by a dividing 
edge; (4) why this edge travels along the filament; (5) how changes in the caesium vapor 
pressure affect these characteristics. 


58. A new theory of ionic mobilities. A. P. ALEXEIEvsKY, University of California, 
(introduced by Leonard B. Loeb).—Recently, Loeb has shown in HCI gas that the ions 
are probably clusters of molecules about a charged molecule. Previous theories have 
accounted for the mobility of ions assuming that the clusters consist of but a few mole- 
cules. In this paper it is shown that it is possible to account for the mobility of these 
ions by assuming that the ion consists of a droplet of liquid HCl, condensation being 
caused by the electrical forces of the charged molecule. Assuming that the force of 
attraction between ion and molecule is given by f=(D—1)e*/2xNr* where D is the 
dielectric constant, e is the electron, N the number of molecules per cm* and r the distance 
ef the HCl molecule from the charge, one can calculate from the expression sdp= 
((D—1)e?/2xr5N)dr, using Van der Waal’s equation, the radius R of the droplet which 
would be in equilibrium with any pressure of the gas. Placing the value of the radius 
so calculated in Epstein’s equation for the mobility of a charged spherical droplet in an 
electrical field the mobility of the HCI ion is computed and found in good agreement 
with observed values. The equations also enables one to calculate the variation of the 
mobility with concentration in HCl air mixtures. 


59. Molecular structure and the relative mobilities of positive and negative gaseous 
ions. LEONARD B. Logs and A. M. Cravatu, University of California.—Recently it has 
been shown by Loeb that the mobility of the negative ions in HCI gas is less than that 
of the positive ion. Condon made the suggestion that this was due to the presence of the 
H nucleus in the molecule which lay closer to the molecular surface than in most mole- 
cules. In a recent paper by Hund it is shown that both H,O and HS exhibit the same 
general characteristics as HCI in the placing of the H nucleii. Mobility measurements 
have been made in these gases using the Franck modification of the Rutherford alter- 
nating current method. The mobilities of the positive ion in H2S was 0.61 cm/sec per 
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volt/cm and that of the negative ion was 0.55 cm/sec per volt/cm. In water the mo- 
bilities were 0.62 and 0.56 cm/sec per volt/cm respectively. It is seen that these results 
are in agreement with the anticipation. The mobility values are relative to air, assum- 
ing 1.4 for positive and 1.8 for negative ions in cm/sec. per volt/cm. 


60. Ether-drift experiments at Mount Wilson in February, 1926. Dayton C. 
MILLER, Case School of Applied Science.—In February 1926, the ether-drift experiments 
were continued at Mount Wilson under very favorable conditions of weather. This 
series, consisting of 101 sets of observations involving 34000 readings, is the most 
extensive yet made for any one epoch. This epoch was chosen because, when combined 
with the epochs of 1925, it gives observations well distributed throughout the year. 
The new observations entirely confirm the results of the 1925 observations as announced 
at the Kansas City meeting. There is a periodic displacement of the interference fringes 
which is clearly systematic and cosmical in character; it is such as would be produced 
by a relative motion of the earth and the ether of 10 kilometers per second, the apparent 
apex of the earth’s motion being a point in space having the right ascension of 255° 
and a north declination of 68°. The definitive values of the codrdinates, from all available 
observations, are not yet determined. Causes for the observed phenomena other than 
relative motion are to be considered. 


61. Faraday tubes and amperes rule. R. C. CoLweELt, West Virginia University.— 
A new theory of Faraday tubes is outlined in which each tube is supposed to be made up 
of a succession of double doublets. These doublets have both electric and magnetic 
polarity. In a Faraday electric tube the electric poles are placed end to end and the 
magnetic poles are then perpendicular to the tube. In a Faraday magnetic tube, the 
electric poles are perpendicular to the tube. A Faraday tube always extends from a 
positive to a negative pole and shortens by an elision of the double doublets. When 
these doublets are elided they go out with a right hand twist thus giving rise to a closed 
electric or magnetic line of force. A lengthening of a Faraday tube reverses the direction 
of the closed magnetic (or electric) line of force. The single rule that ‘‘a shortening 
Faraday tube gives a right hand twist, a lengthening Faraday tube a left hand twist’”’ 
is then sufficient to cover all cases of induced currents. It is also shown that this rule 
is equivalent to Ampere’s rule regarding the attraction between two conductors which 
have currents in the same direction, so that Ampere’s rule alone may be substituted for 
the many rules that are now given to determine the direction of an induced current. 


62. The electric field of a charged wire and a slotted cylindrical conductor. CHEs- 
TER Snow, Bureau of Standards.—The potential is found which is due to a fine wire 
(charged) in the presence of an outer shield at potential zero. This shield consists of a 
thin cylindrical shell, concentric with the wire, whose trace on a plane perpendicular 
to the latter consists of m equal, equally spaced circular arcs of a common circle. The 
problem is first simplified by a complex transformation Z* =z, reducing it to that of a 
line charge in the presence of a single (incomplete) circular arc (a part of the circular 
arc r=a). This problem is solved for any position of the line charge, the solution being 
effected first by a transformation z=a(i—z')/(¢+z') which transforms the interior of 
this circle into the entire upper half of the z’-plane. The circular boundary then corre- 
sponds to the real axis of 2’. This problem (that of a line charge in the presence of a finite 
straight line at zero potential) is again simplified by the transformation 2’ =c cos w which 
represents the entire 2’-plane upon a semi-infinite strip in the w-plane. The proper 
(periodic) solution due to a line charge in this strip is then built up by an infinite series 
of images and their effect summed. By retracing the steps of the transformation, a solu- 
tion in finite form is obtained for the original problem. 
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63. Anew type of contact rectifier. L. O. Gronpant, Research Department, 
Union Switch and Signal Co.—A piece of copper with a layer of copper oxide formed 
on it at a high temperature is an unsymmetrical conductor of electricity. Ratios between 
high resistance and low resistance as high as 20,000 have been obtained. The unit con- 
sists of the oxidized piece of copper with a contact on the outer copper oxide surface 
made by means of a piece of lead or other soft metal applied under pressure. In a 1-1/2” 
disc, the low resistance may be a small fraction of an ohm and it is therefore capable of 
carrying comparatively high current. The capacity of such a disc is represented by a d.c. 
output of 5 watts. Cuprous oxide is an electronic conductor and the rectifier is therefore 
permanent. The effects of voltage and of pressure on resistance are similar to the corre- 
sponding effects in contact rectifiers, the principal difference being in the magnitude of 
the resistances. The voltage characteristic results in a very slight distortion of the 
rectified wave. No forming is necessary so the rectifier is immediately operative when 
the alternating voltage is applied. The units may be assembled like cells in a battery 
to supply higher voltages or greater currents. 


64. Electrolytic conduction of potassium through glass. V.ZworyYKIN, Westinghouse 
Elec. & Mfg. Co., East Pittsburgh.—Burt has reported the successful introduction of 
sodium into a thermionic vacuum tube by electrolysis, the filament of the tube being 
connected to the negative terminal of a d.c. supply while the positive terminal is con- 
nected to a crucible containing molten sodium nitrate into which the tube is immersed. 
Attempts to duplicate the experiment with potassium were unsuccessful, the failure 
being attributed to the smaller mobility of potassium ions. The author has repeated 
Burt’s experiments with different glasses and finds that for a soda potash glass immersed 
in KNO; the metal introduced into the tube is primarily sodium while the glass itself is 
enriched in potassium at the expense of sodium and becomes unusually brittle. When a 


potash glass, free from sodium, is used, potassium of high purity passes into the tube 
without corroding or embrittling the glass. This seems to show that Burt’s negative 
results with potassium were due primarily to the difference in dimensions and molecular 
forces of potassium and sodium ions. 


65. The sodium voltameter., RosperT C. Burt, California Institute of Technology. 
—This voltameter, mentioned in recent publications, using the electrolysisof Nathrough 
glass, has been modified in form by using metal contact with the glass instead of ther- 
mionic emission. The voltameter not only possesses a large advantage over the silver 
voltameter because of the simplicity of the operation involved and reproducability under 
ordinary working conditions where the limit of refinement is not demanded, but it has 
also been shown to yield results which are certainly correct to 1 part in 2000, and 
probably to 1 part in 6000. 


66. Contact electromotive force of carbon. BriAN O'BRIEN, Buffalo Tuberculosis 
Association, Perrysburg, N. Y.—The carbon surface was prepared by depositing a thin 
layer of soot from pure benzol on a platinum ribbon. The contact e.m.f. was measured 
against cupric oxide by the Kelvin method with a precision of 0.01 volt. Freshly smoked 
surfaces in air before outgassing were positive to CuO by about 0.40 volt, with some 
variation between different surfaces prepared alike. Reduction of pressure from at- 
mospheric to less than 10-* mm mercury without heating made carbon slightly less 
electropositive, reaching a steady state. Outgassing carbon at successive temperatures 
up to 1400°C (the CuO at all times cool) made the carbon less electropositive, finally 
becoming negative to the CuO by 0.11 volt. The outgassing-contact e.m.f. curves were 
fairly reproducible on a number of surfaces. An outgassed surface allowed to stand in 
air became more electropositive, but did not return to initial value. There was no 
evidence of a final value characteristic of a completely denuded carbon surface, as further 
heating at higher temperatures rendered the carbon progressively more electronegative. 
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Effect of mercury vapor. Allowing mercury vapor at a pressure of 0.001 mm in the tube 
did not affect the contact potential difference between the carbon and the CuO. 


67. Dielectric constant of an electrolyte. Epwarp M. LITTLE, University of IIlinois, 
(introduced by Jakob Kunz).—Dielectric constant is related to electric moment per unit 
volume just as permeability is to intensity of magnetization. The electric moment of 
an electrolytic solution decreases with ionization, and the dielectric constant for 100% 
ionization of the solute equals that for the pure solvent (corrected for volume change). 
A critical value of dielectric constant, k., is assumed, above which the molecular binding 
forces in the solution are weakened sufficiently to allow all molecules to ionize. For 
values of k below this, thermal agitation together with the dielectric constant, occasion- 
ally ionizes a solute molecule. In general, for initial values of k less than k. and also 
for some values greater, there is less than 100% ionization of the solute. A relation 
between n (ionized molecules per cc) and the concentration, ¢ (molecules of solute per cc) 
is found, and asa relation between k, n, and c is known (because of the relation between 
k and intensity of electrification) the relation between k and c is then obtained. It is 
approximately a hyperbola. The initial drop in the experimental curves is due to group- 
ing of molecules around ions, thus decreasing the intensity of electrification and there- 
fore the dielectric constant. 


68. Piezoelectric quartz oscillators coated with metallic films. E. O. HuLsurrt, 
Naval Research Laboratory, Washington, D.C.—Recent experiments have demon- 
strated that a quartz piezoelectric crystal with the sides coated with films of platinum, 
copper, or other metals, may be used in a suitable electron tube radio circuit as an 
oscillator, i.e. a generator of sustained current oscillations. Electrical connection was 
made to the metallic films by soldering small wires to the films or by a brush con- 
tact. The natural frequency of the crystal was changed but slightly by the addition of 


the metallic film. This frequency change with the weight of the film, the effect of the 
films on the other frequencies and harmonics, the effects of temperature, gas pressure, 
etc., are being investigated in detail. W. G. Cady has shown that a piezoelectric crystal 
coated with chemically deposited silver will serve as a resonator in a radio frequency 
circuit; its use as an oscillator, however, appears to have been unsuspected. In fact 
previous experience would suggest that a metallic film adhering to the crystal may 
destroy its oscillating properties, just as an oil film is known to do. 


69. A riew phenomenon dealing with the action of electrostatic fields upon electric 
currents. PALMER H. Craic, University of Cincinnati.—If the Hall effect is caused by a 
magnetic deflection of the free electrons within a metal, an analogous effect should be 
produced by an electrostatic field. An electrostatic potential of 17,000 volts was applied 
to the edges of a bismuth film 7.53.0 cms in area and 0.045 cms thick, by means of 
copper rods separated from the bismuth by sulphur or plate glass insulation. When a 
current of one ampere flowed through the strip longitudinally, a net transverse potential 
difference of about 40 microvolts was measured between point contacts at the edges 
midway between the ends of the film. This was a net effect after correction had been 
made for thermal effects, leakage currents and other causes masking the true effect. 
The transverse potential decreased with decreasing electrostatic field, longitudinal 
current and thickness of the film, and was measured by a potentiometer arrangement 
sensitive to 0.01 microvolt. Moving the point contacts towards the end of the strip 
also decreased the effect. No effect was observed in copper, silver and aluminum and 
it was therefore concluded that if the phenomenon exists in these metals it is of very 
muck smaller magnitude than that in bismuth. The magnitude of the Hall effect is 
approximately 611 times that of the new effect when comparing the magnetic effect at 
1000 gauss with the electrostatic effect at 17,000 volts, the same bismuth film and a 
longitudinal current of one ampere being employed in both cases. 
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70. Wave form of free electrical oscillations: self-capacity effect in multi-layer coils. 
ALLEN Astin, New York University. (Introduced by J. C. Hubbard).—Observations 
have been made of the wave form of the free oscillations of a section, or sections of a 
multilayer coil by itself, and with added capacities, using the drop chronograph method 
developed by J. C. Hubbard (Phys. Rev., 9, 529, (1917)). From the results periods, self 
capacities and damping factors of the coil are determined. Periods are determined to 
less than 1/10 per cent. The resistance is determined from the decrement. From a 
calibration of the contacts of the instrument, using a constant potential, the oscillation 
potentials are found to be in excellent agreement with those calculated from the constants 
of the circuits. With a coil of rectangular cross section of winding, with layer windings 
in several sections, but with the unused sections disconnected, the free periods are 
approximately independent of the number of sections used. 


71. The inductance of a helix made with wire of any section. CHESTER SNow, 
Bureau of Standards.—A formula has been derived for the inductance of a single layer 
helix which is to be used in absolute measurements of precision. It takes account of the 
helical nature of the winding and hence of the axial component of current in it. It is 
derived for any shape of wire section and is especially simple if this is symmetrical about 
each of two axes passing through its center of gravity. It is correct to the second order 
inclusive in small quantities like the ratio of the dimensions of the wire section to the 
radius of the cylindrical form. The current density is not assumed to be uniform but the 
formula applies (to the second order) to any current distribution which is developable 
by Maclaurin’s theorem over the section of the wire. The formula is specialized and 
simplified for the cases of wires having circular or rectangular section. For windings 
of ordinary dimensions a precision is claimed of at least one part in a million. 


72. The resistance of condensers at radio frequency. R.R. Ramsey, Indiana Uni- 
versity.—The condenser was placed in a ‘‘differential thermometer” made of two 
800 cc pyrex glass beakers inverted on and sealed to two glass plates. Through each 
glass plate three holes were drilled. In two of these, electrical connections were placed 
and through the third a glass tube was sealed. To the glass tubes was fastened a U-tube 
filled with water. The height of the water in the tubes served to indicate the relative 
pressure in the two beakers. The radio condenser, which was an eleven plate variable 
condenser of “‘low loss’’ construction, was placed in one of the beakers and connected 
to the electrical connections which extended through the glass plate. In the second 
beaker a second condenser exactly like the first was placed, but this condenser was not 
connected to the terminals. A short piece of resistance wire was connected to the electri- 
cal terminals. The first condenser was connected into a radio frequency circuit and the 
resistance wire was connected to the electrical terminals. The first condenser was 
connected into a radio frequency circuit and the resistance wire was connected to a D.C. 
circuit. Then assuming that both beakers are exactly alike thermally when the pressures 
as indicated by the water in the U-tube are the same, we have [*R in the high frequency 
side is equal to 7*7 in the D.C. side. The average of a number of determinations at a 
frequency of 10* cycles, was .098 ohms. The individual results varied from .05 ohms to 
.15 ohms, the condenser being set so that the capacity was .00008 microfarads. 


73. Establishment of radio standards of frequency by the use of a harmonic ampli- 
fier. C. B. Jottirre and Grace Hazen, Bureau of Standards.—One method used by the 
Bureau of Standards in establishing radio standards of frequency consists in the ‘‘step- 
ping up”’ from a known standard audio frequency to a radio frequency by the use of 
harmonics. The low-frequency output is carried through an amplifier arranged to distort 
and so produce harmonics. By means of tuned circuits a harmonic is selected which in 
turn serves as a fundamental for further distortion and amplification to give the desired 
frequency with sufficient power to operate the frequency meter under standardization. 
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A fixed radio-frequency generator such as a piezo oscillator, or a fixed audio-frequency 
generator such as an electric-driven tuning fork, can likewise be standardized by the use 
of the harmonic amplifier with the addition of a sonometer for measuring an audio- 
frequency beat note produced by a harmonic from the standard audio-frequency source 
and the fundamental or harmonic from the fixed-frequency generator. The frequency of 
the beat note is impressed on the steel wire of the sonometer by means of a telephone 
receiver magnet. The vibration frequency of the wire is calculated by means of the 
constants of the wire and the tension applied. 


74. Cooperative investigation of radio fading. J. H. DELLINGER, C. B. JOLLIFFE 
and T. PARKINSON, Bureau of Standards.—Signal intensity fluctuation is one of the 
chief barriers to reliable long distance reception of broadcasting and of the higher radio 
frequencies. With a view to securing quantitative data on this phenomenon the Bureau 
of Standards invited a number of university and other laboratories to engage in a co- 
operative program of fading measurements. This report summarizes the progress made 
in 1925 when five series of simultaneous observations were made on certain specially 
arranged transmissions from broadcasting stations. Twenty laboratories in the eastern 
half of the United States were engaged in the work. The measurements consisted of re- 
cording graphically variations of deflection of a galvanometer connected to radio receiv- 
ing apparatus so as to indicate directly variations in the received field intensity. These 
records were supplemented in some cases by absolute measurement of the field intensity 
and by simultaneous continuous records of direction variation. The measurements 
yielded data of value on the characteristic radio wave phenomena during a solar eclipse, 
during the sunset period and the variations throughout the whole diurnal cycle. 


75. Reception currents from a loop antenna. R. C. CoLWELL, West Virginia 
University.—If the oscillations in the four sides of a loop antenna are regarded as made 
up of the oscillations of a succession of vibrating doublets, an integration around the 
the loop will give the resultant electric vector for any point in space. For the two vertical 
sides of the loop, the electric intensity takes the form Ee=(2I tan @/cro)(1—cos 2rh 
cos 6/Aro)*(1—cos 2raX/Aro)* This equation shows that a loop has a directional 
effect high up in the air as well as along the ground. If the integration is taken over 
one vertical and one horizontal side, we have the electric intensity due to a bent antenna. 
The resulting equation is in the form 


Eo’ =(Ic/ro) ((A+B cos a)?-+(C+D cos «)*)! 


The cos a changes sign when the azimuth is 90° in such a way as to give a directive 
effect to the wave sent out from this antenna; the intensity being greatest for azimuth 
180° and least for azimuth 0°. 


76. A ballistic galvanometer as an integrating instrument. H. L. Curtis and 
C. Moon, Bureau of Standards.—The formula for the capacitance when using Max- 
well’s absolute bridge is derived assuming that the time integral of the current through 
the galvanometer is zero. This paper shows the conditions which must be fulfilled by 
a galvanometer in order that it will correctly integrate the current. With all integrating 
galvanometers the torque produced by the current through the coil shall at every instant 
be proportional to this current. This will be the case only if the coil is non-magnetic 
and if the current through the coil does not affect the field of the permanent magnet. 
This last condition can be experimentally realized by finding the position of the coil 
where the reversal of the applied electromotive force does not change the galvanometer 
reading. A second requirement applies only to conditions similar to those in a Maxwell 
bridge. These conditions are such that the curve of motion of the galvanometer coil 
as a function of time is a series of parabolas. In order that the time integral of current 
shall be zero, the time integral of deflection must also be zero. This requires that the 
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excursions shall be on both sides of the galvanometer ‘zero, but not an equal amount on 
the two sides. The ratio on the two sides is as two to one. 


77. Magnetostriction in permalloy. L. W. McKEEHAN and P. P. Ciorrt, Bell 
Telephone Laboratories, Inc.—The specimens examined were well-annealed 1 mm 
wires, 40 cm long, of iron, nickel, and permalloys containing from 46 to 89 percent nickel. 
Changes in the magnetization were measured ballistically. Changes in the length of part 
of the specimen were multiplied two million times by a mechanical lever, an optical 
lever, a multiple slit, a photo-electric cell and a sensitive galvanometer. Measurements 
were made with or without tension. The rate of increase in magnetostriction with 
magnetization, at zero magnetization, was zero in all cases. Permalloys with less than 
81 percent nickel expanded, those with more than 81 percent nickel contracted when 
magnetized. Tension reduced the expansions and increased the contractions. The 
theory of atomic magnetostriction (Phys. Rev. 26, 274, (1925) ), explains the new results 
and suggests that orientation of the magnetic axes of iron and nickel atoms, precisely 
like that due to the application of magnetic fields, may be effected by mechanical 
stresses within the elastic limit. Changes in electrical resistance (Phys. Rev. 23, 114, 
(1924) ) support this view. 


78. Hall effect in mono-crystalline copper. P. I. WoLp, Union College.-—The Hall 
effect has been measured in a single crystal of copper in the form of a rod 15 cm long 
and .55 cm in diameter. The crystal was cubic with an axis nearly coincident with the 
longitudinal axis of the rod. Transverse contacts were obtained by copper terminals 
spring pressed against the sides of the rod, the rod being placed in a holder which per- 
mitted rotation about the longitudinal axis. The Hall constant varied with rotation, 
but only by relatively small quantities which were irregular and apparently due to diffi- 
culty in maintaining stable transverse contact. If the Hall constant parallel to an 


edge of the crystal cube is R; and that at right angles thereto is Rez, the results are in 
agreement with the relation that in intermediate directions the resultant constant is 
R=R, cos? x+R; sin? x. In the case of a cubic crystal R; =R2. 


79. The effect of small amounts of silicon on the thermo-magnetic change point 
“A2” in mild steel. F.C. FARNHAM, New York University (Introduced by H. H. 
Sheldon).—Tests have been made on samples of steel containing .25 percent carbon 
with varying silicon content up to 3 percent. It is observed that for small amounts of 
silicon, up to about .5 percent, the point ‘“‘A2”’ is lowered rather rapidly; for added 
amounts, up to about 2 percent, the lowering of ‘“‘A2” is much less; and for amounts 
between 2 percent and 3 percent the rate of lowering of “‘A2”’ is again greater. From 
these results it is evident that the presence of the carbon greatly modifies the effect of 
silicon as observed in ferro-silicon alloys. 


80. Magnetic moments of the alkali metal atoms. Joun B. Tay_or, University 
of Illinois, (introduced by W. H. Rodebush).—The results previously reported on sodium 
(Kansas City meeting) have been confirmed, showing that the neutral sodium atom 
possesses a moment closely equal to one Bohr magneton. Potassium has also been in- 
vestigated and shows, likewise, the single magneton value. 

The amounts of deflection or splitting of the atomic rays of sodium and potassium are 
related inversely as the temperatures of evaporation, in accord with the equations for 
the effect. Distinct images of the divided rays have been obtained. 


81. The Zeeman effect, the Stern-Gerlach experiment and the magneton. JAKoB 
Kunz, University of Illinois—Landé and Sommerfeld have given a classification of the 
anomalous Zeeman effect, which makes it possible to determine the number of magnetons 
in an atom if the multiplicity, the ground term of the atom and the inner quantum 
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number are given. These numbers have been supplied to the writer by P. D. Foote for 
most of the elements. The number of “‘lines’’ to be expected in the Stern-Gerlach experi- 
ment, and the number of Bohr magnetons has been calculated. It has been shown more- 
over that especially for the rare earth elements the agreement between these calculations 
and recent measurements is satisfactory. 





82. Direct absolute measurement of acoustic impedance. G. W. STEWART, Uni- 
versity of lowa.—Advantage is taken of the author’s theory of the transmission in an 
acoustic line with an attached branch which alters the intensity and the pressure 
phase of the transmitted sound. By the measurement of the relative intensities and 
phases with and without the branch present, it is possible to obtain the components 
Z, and Z: of the impedance, Z = Z,+7Z2, of the branch. If S is the area of the conduit, 
Py» and Po’ the two pressure amplitudes, « the change in phase, p the density of the 
medium, a the velocity of sound therein, Z; =(pa/2S) [A/(A?+B?)] and Z2.=(pa/2S) 
[B/(A?+B?)], wherein A =(Po/Po’) cos e—1 and B=—(Po/Po) sine. The method in- 
volves only the relative magnitudes of pressure amplitudes and the direct measurement of 
phase change, the knowledge of density and velocity being sufficiently accurate. In the 
present application the pressure ratio is determined by altering a comparison source, 
and the phase is measured directly. The method involves only one simple absolute 
measurement and is a strictly acoustic method somewhat analogous to methods of 
measurement long used in electricity. 








83. Effect of amplitude on the frequency of a tuning fork. C. Moon and H. L. 
Curtis, Bureau of Standards.—There has been devised a method for the precise rating’ 
of a tuning fork by comparison with a pendulum. A series of flashes of twice the fork 
frequency are obtained by means of slits in a pair of vanes carried by the prongs of the 
fork giving images on a moving film, formed by two concave mirrors, one attached to the 
pendulum and the other to the pendulum support. The frequency of the fork is com- 
puted from the trace on the film. An accuracy of five parts in a hundred thousand can 
be obtained from the record over a single second of time. Two 100 cycle forks, one of 
steel, the other of elinvar were studied. When vibrating freely showed nearly a linear 
increase in frequency with decreasing amplitude. The elinvar fork increased ten parts 
the steel fork three parts in a hundred thousand as the amplitude decreased from 1.0 mm 
to 0.25 mm. With either of the forks maintained at a constant amplitude by a vacuum 
tube drive, the frequency could be changed by a part in ten thousand by varying the 
condiions in the tube circuits. Hence there can be no proper discussion of the effect of 
amplitude on the frequency of a driven fork. 





84. Hysteresis due to the Ewing effect in the flexure of bars. G. H. KEULEGAN, 
Bureau of Standards, (introduced by L. J. Briggs).—Boltzmann’s theory of elastic 
time effects does not always account for the entire hysteresis observed in the deformation 
of an elastic body during a closed load cycle. The author, therefore, has made an 
attempt to formulate an additional theory of hysteresis which is independent of time 
effects and calls such hysteresis the “Ewing effect.’ The basis of the theory is the 
assumption that the stress-strain curve of an elastic body, instead of being a straight 
line, consists of a symmetrical loop. The deductions from the theory as applied to the 
flexure of bars are as follows: (a) In the flexure of bars the energy lost owing to the 
“Ewing effect” varies with the third power of the maximum load of the load cycle and 
with the fourth power of the length of the bar. (b) The distribution of hysteresis is 
parabolic and is independent of the maximum load and of the length of the bar. Again, 
a general deduction from.the theory is that the loss of energy per unit volume fora 
tensional stress range om is 1/380,°. Experiments gave 8 = 1.33 X10~* ergs cm* per kg? 
for Armco iron; so that energy loss per cubic centimeter due to hysteresis is 26,000 ergs 
for a stress range of 3900 kgs per cm’. 
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85. The expansion of copper from absolute zero to the melting-point. Tuomas A. 
WiLson and WHEELER P. Davey, General Electric Company.—Copper bars of rec- 
tangular cross-section, 3/8 inch on a side and approximately 30 cm long, were supported 
on powdered alumina in an alundum tube wound with a molybdenum heating coil 
lagged with a wrapping of asbestos 2} inches thick. The tube extended 2 inches beyond 
each end of the copper so minimizing end cooling. Two holes 3/8 inch square drilled 
through the tube and asbestos permitted reading the position of the ends of the copper 
with a horizontal cathetometer. The experiments were conducted in a hydrogen atmos- 
phere. The power through the heating coil was increased approximately 100 watts 
every 24 hours, at the end of which period a reading was made. At temperatures near the 
melting-point, readings were made quite frequently. Two experiments gave the linear 
expansion of copper per cm length from room temperature (27°C) to the melting-point 
as .0257 cm and .0264 cm . With data from Landolt-Bornstein, the calculated expansion 
from absolute zero to 27°C is .0034 cm per cm length, making the total expansion from 
absolute zero to the melting-point .029' cm per cm length. 


86. The expansion of crystals from absolute zero to the melting point. WHEELER P. 
Davey, General Electric Company.—In a face-centered cubic crystal each atom lies in a 
“‘pocket”’ formed by three adjacent atoms of a 1 1 1 plane (the slip plane) so that the 
four atoms form a tetrahedron. At 0°K the “atomic domains” are assumed to be in 
contact. It seems plausible that, in such a crystal 12% percent of the tetrahedra must 
expand 4% percent along each edge before all the surface atoms can leave the solid. 
But at any instant 12% percent of the tetrahedra are 1.7 times the most probable size. 
A linear expansion of 2.6 percent from 0°K is therefore a prerequisite to melting for a 
face-centered cubic crystal. Added to this will be the expansion occurring while the 
atoms take up additional energy to overcome cohesion. Expansions calculated from the 
literature are Al 2.4 percent; Mg (having an analogous structure), 2.4 percent; Ag 
2.3 percent; Cu 2.4 percent; Ni 2.9 percent. These are probably all low because of 
extrapolations. Recent measurements of Cu (see previous abstract) indicate 2.9 per- 
cent. Body-centered cubic crystals require no expansion except what occurs while 
overcoming cohesion. Na and K become non-crystalline before melting. W expands 2 
percent corresponding to its high interatomic attraction. 


87. Thermal properties of butane, isobutane, propane, and ethane. Leo I. DaANa, 
Linde Air Products Company, Buffalo, N. Y.—The investigation is intended to cover 
the thermal properties of these liquids in the saturation region over the range of pressures 
and temperatures required for the use of these gases as refrigerants. The latent heats of 
vaporization and the specific heats of the liquids of ethane and propane have been 
determined from —40°C to +30°C; of isobutane and butane from —13°C to +30°C. 
An aneroid calorimeter, enclosed by a vacuum jacket, operating adiabatically and thus 
avoiding heat leak corrections, was employed. The vapor pressures of the first three have 
been measured from one half atmosphere absolute to about 6 atm. abs. and the measure- 
ments are being extended to higher pressures. The liquid and vapor densities of the first 
three gases have been measured from 0°C to 60°C. New forms of cryostats have been 
constructed for the low temperature measurements. 


88. Thermal conductivity of lithium, sodium and lead to —250°C. CHAR es C. Bip- 
WELL, Cornell University.—The bar method of Forbes was modified as follows. The 
metal rod, centered in a large test tube, was placed in a constant temperature bath and 
heated by a coil at the upper end. Air convection in the tube was stopped by cardboard 
disks through which the rod was threaded and which were spaced at short intervals 
along the rod. Temperature gradient was determined by thermojunctions spaced along 
the rod. Cooling curves were obtained on smaller lengths of the rod similarly mounted. 
With mean temperature not exceeding 15° above bath temperature accurate values of 
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k were obtained. Values for lead from — 250°C to +100°C taken to test the method 
agreed well with the best recorded values. Lithium shows a linear increase in k from 
0.15 at 0°C to 0.20 at — 200°C, thereafter rising sharply to 1.00 at —246°C. Above 
0°C a minimum occurs at +40°C and an increase thereafter to 0.17 at +140°C. Sodium 
shows a linear increase from 0.28 at —40°C to 0.40 at —240°C. Above —40°C an 
increase occurs to 0.35 at 0°C and thereafter a decrease to 0.28 at +65°C. The breaks 
in these lines correspond to breaks previously reported in electrical conductivity and 
thermo-electric power lines for these metals. 


89. Thermal conductivity of metals at high temperatures. M. F. ANGELL, Uni- 
versity of Idaho.—This paper describes a continuation of former work with improved 
methods. The metal is heated electrically in the form of a long hollow cylinder. In the 
earlier experiments the heat flow was assumed to be radial at a point midway between 
ends, but in these experiments this assumption is made for the point of maximum 
temperature along the cylinder. The thermal conductivity is calculated from the 
temperature gradient along the radius at this point and from the energy transmitted. 
Complete curves of the thermal conductivity from 50°C to the melting point are given 
for copper, zinc and lead. For copper the thermal conductivity was found to be .92 
at 50°C, decreasing very slowly to .90 at 500°C, then more rapidly to .8 at 1000°C. The 
conductivity of zinc decreases from .265 at 50°C to .215 at 400°C. The conductivity of 
lead decreases from .082 at 50°C. 


90. The ratio of heat losses by conduction and by evaporation from any water 
surface. I. S. Bowen, California Institute of Technology.—From theoretical considera- 
tions it is shown that the process of evaporation and diffusion of water vapor from any 
water surface into the body of air above it is exactly similar to that of the conduction or 
“diffusion” of specific heat energy from the water surface into the same body of air. 
Due to this similarity it is possible to represent the ratio R of the heat loss by conduction 
to that by evaporation by the formula, R=.46(7.—7.)P/(Pu—P.)760, where T, 
and P, are the original temperature and vapor pressure of the air passing over the lake, 
and 7, and P, are the corresponding quantities for the layer of air in contact with the 
water surface. The substitution of R times the evaporation loss for the value of the 
conduction heat loss in the Cummings equation for evaporation makes it an exact 
equation for the determination of evaporation from any water surface in terms of the net 
radiant energy absorbed by the water and the heat stored in the water. 


91. Surface tension of sodium. F. E. PoinpEXTER, Washington University.—The 
surface tension of sodium was determined in a high vacuum at a series of temperatures 
ranging from 105°C to 245°C. A modified flat drop method was used. The values taken 
from the best mean straight line through the experimental points gave the values of 
222 dynes per cm at 100°C and 211 at 250°C. This gives a temperature gradient of 
.072 dynes per degree. From the Eotvos relation yv*/* =k(T>— T) we get upon differen- 
tiating with respect to 7, v*/*dy/dT = —k, where + is the surface tension, v is the volume 
of a gram atom, T is the temperature and 7» and & are constants. Taking the density 
of sodium as .91 at 100°C, we find »=8.6. This together with the experimental value of 
.072 for dy/dT gives us k=.62. This is taken to mean that the molecules in liquid 
sodium are polyatomic, since the value of k for non-associated liquids is 2.2. 


92. Pressure distribution over airfoils at high speeds. L. J. Briccs and H. L. 


DryYDEN, Bureau of Standards.—The forces exerted on a body by an airstream of speed 
not greater than a few hundred feet per second depénd on the airspeed, V, size of the 
body as given by a linear dimension, L, air density, p, and viscosity, u, in the manner 
described by the equation 


Force/(4p V?L*) = ¢( VL p/x). 
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At high speeds the influence of the compressibility of the air becomes appreciable and 
the force coefficient is a function of the ratio of the air speed to the speed of sound as 
well as of the Reynolds number, VLp/y. The variation of force coefficient with Reynolds 
number is small whereas the variation with speed ratio has been found by the authors, to- 
gether with G. F. Hull, to be large. The work now described gives a more extensive 
and systematic series of observations on airfoil sections of 1 inch chord including ob- 
servations of flow near the surface. The large changes in forces were found associated 
with a breaking away of the flow from the surface. The pressure distribution furnishes 
data to the propeller designer regarding the load distribution encountered at high speeds. 
The paper will be published as a Technical Report of the National Advisory Com- 
mittee for Aeronautics. 


93. Compensation of altimeters and altigraphs for air temperature. W.G. Brom- 
BACHER, Bureau of Standards.—The altitudes of aircraft are usually determined by an 
altimeter, which is an aneroid barometer calibrated to an altitude-pressure relation 
containing an arbitrary altitude-temperature assumption. For the accuracy required 
in aeronautics, altitudes should be determined by both pressure and temperature meas- 
urements. It is difficult to take account of the mean temperature term of the barometric 
formula mechanically in an instrument. The following new relation based on the sum- 
mer, winter, and yearly averages of observations of upper air temperatures at latitude 
40° in the United States is presented as a substitute. Up to 30,000 feet: dP/dt = A,, (1) 
where P is the pressure and T the absolute temperature at the altitude h, and A, is a 
constant for any one altitude. Further, values of A, give values of K varying from 
0.0023 to0.0038 in the following important relation for instrument work, A;,/(Po—P) =K, 
(2) where Py equals 760 millimeters of mercury pressure. Altitudes according to rela- 
tions (1) and (2) can be indicated by using a temperature element (‘air temperature 
compensation’’) or a manually operated device to modify the multiplication of the 
mechanism (“ground temperature compensation’’). The manually operated device 
modifies the multiplication according to an average value of K and the temperature dial 
is graduated in terms of ground level temperatures. 


94. The effect of a high temperature in disrupting ice. Howarp T. BARNgEs, McGill 
University.—Our knowledge of the mode of transfer of heat across very steep tempera- 
ture gradients is practically nil. The author has been experimenting in this field by 
driving a powerful energy charge into solid ice cooled below the freezing point. An 
intense exothermic reaction is rapidly generated by burning a mass of aluminum and the 
temperature is raised in 5 to 8 seconds to 2500°C. The disruption of the ice below 0°C 
is observed. Ice is, in this way, converted into a high explosive, the atoms being driven 
out of the molecules without melting the ice. In large masses a slow explosion occurs 
which resembles the reaction of black powder set off at a low temperature rather than the 
sudden detonation of dynamite. Ordinary welding thermit has been used conveniently, 
since that material is not in itself explosive. Application of this method has been made 
practically, as it offers a powerful means for relieving ice accumulations. 
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27,521 


Light Quanta (see Quantum) 
Luminescence 

Of active nitrogen, R. Rudy—27, 110(A) 

Of Grignard compounds in magnetic and electric 
fields, R. T. Dufford, D. Nightingale, L. W. 
Gaddum—27, 247(A) 

Transformation spectra, E. L. Nichols, H. L. 
Howes—27, 803(A) ‘ 

Magnetic Properties 

Atomic rays of alkali metals, moments, J. B. Taylor 
—27, 248(A) 

Compounds of even and odd electron numbers, 
susceptibilities, E. H. Williams—27, 114(A) 
Evaporated Ni films, effect of deposition-tempera- 

ture, R. L. Edwards—27, 252(A) 

Magnetite, precipitated, hysteresis, L. A. Welo, 
O. Baudisch—27, 511(A) 

Mild steel, thermo-magnetic change point, effect 
of Si admixture, F. C. Farnham—27, 817(A) 

Permalloy, magnetostriction, L. W. McKeehan, 
P. P. Ciofi—27, 817(A) 

Rare-earth oxides, susceptibilities, E. H. Williams 
—27, 484 

Sheet steel, permeability, temperature coefficient, 
T. Spooner—27, 115(A) 

Silicon steel, complex magnetization, E. Peterson— 
27, 318 
Magnetization 

By rotary fields, Fisher's experiments, S. J. Barnett 
—27, 115(A) 

Of silicon steel by two simultaneous sinusoidal fieds, 
E. Peterson—27, 318 
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Magnetostriction (see Magnetic Properties) 
Melde’s Experiment 
Nodal location, G. W. Stewart—27, 253(A) 
Rotation of pulley, A. T. Jones—27, 622 
Melting Data 
Alkali metals under high pressure, P. W. Bridgman 
—27, 68 
Metastable Atoms (see also Activated Gases) 
Increase of metastable atoms in Hg with accelerating 
voltage, H. A. Messenger and H. W. Webb— 
27, 807(A) 
Michelson-Morley Experiment 
At Mount Wilson in February, 1926, D. C. Miller— 
27, 812(A) 
Mobility 
Of electrons in Hz and He, H. B. Wahlin—27, 588 
Of ions in corona discharge, W. M. Young—27, 
110(A) 
Of ions in HCl, L. B. Loeb—27, 642(A) 
Of ions in H,O and H,S relation to molecular 
structure, L. B. Loeb, A. M. Cravath—27, 811 
(A) 
Of ions, theory, A. P. Alexeievsky—27, 811(A) 
Molecular Beam 
Production and measurement, T. H. Johnson—27, 
519(A) 
Molecular Structure, (see also Dissociation, 
Specific Heat, Spectra) 
Energy states and moments of inertia 
CN, CaH, Ne, N2*, law of force and size, R. T. 
Birge—27, 107(A) 
CO, CO*, R. T. Birge—27, 255(A) 
H:2, from band spectra, H. C. Urey—27, 800(A) 
H,* vibrational model, H. C. Urey—27, 216, 800(A) 
Method of calculation, R. T. Birge—27, 245(A) 
Of emitter of Swan bands, J. D. Shea, R. T. Birge— 
27, 245(A) 
Relation to atomic energy levels, R. T. Birge—27, 
255(A) 
Theory, R. S. Mulliken—27, 513(A) 
Molecular weight 
Br vapor, L. Pauling—27, 181 
Valence 
Magnetic theory, E. H. Williams—27, 114(A) 
Optical Constants 
Of Bi, single crystal, L. H. Rowse—27, 247(A) 
Of Hg, B. O’Brien—27, 93 
Of molybdenite in ultra-violet, A. W. Meyer—27, 
247(A) 


pp’ Groups (see Spectra) 


SUBJECT INDEX 


Penetrating Radiation (see also Cosmic Rays; 
Ionization, Natural) 

Absorption coefficient, R. A. Millikan, I. S. Bowen 

—27, 353; R. A. Millikan, R. M. Otis—27, 645 
Suggested sources 

Collisions between electrons and protons, A. L, 
Hughes, G. E. M. Jauncey—27, 509(A) 

Formation of He from H, G. E. M. Jauncey, 
A. L. Hughes—27, 509(A) 

Rutherford’s neutron, E. Condon—27, 644(A) 
Permeability (see Magnetic Properties) 
Phonic Wheel 

Application to surface tension measurements, S. G, 
Subramanyam—27, 632 


Photo-chemical Action 

Coloring of glass in ultra-violet light, C. L. Cross— 
27, 108(A) 
Photo-electric Cells 

Application to amplify galvanometer deflection, 
F. E. Null—27, 114(A) 

Potassium, characteristics, V. M. Albers—27, 113(A) 
Photo-electric Effect 

Cs, K vapors; A, Ne, F. L. Mohler—27, 515(A) 

Cs vapor, absorption, probabilities, F. L. Mohler, 
P. D. Foote, R. L. Chenault—27, 37 

Hg, threshold, W. B. Hales—27, 809(A) 

Inverse, in Fe, O. Stuhlman, Jr.—27, 799(A) 

Oxide coated filament, S, W. H. Crew—27, 810(A) 

Relation to transition probabilities, E. O. Lawrence 
—27, 555 
Photographic sensitivity 

To low speed electrons, K. Cole—27, 809(A) 

. Photo-ionization (see also Photo-electric effect) 

Of Cs vapor, absorption probabilities, F. L. Mohler, 
P. D. Foote, R. L. Chenault—27, 37 

Of Cs, K vapors, A, Ne, F. L. Mohler—27, 515(A) 
Piezo-electricity 

Quartz oscillator coated with metallic films, E. O. 
Hulburt—27, 814(A) 

Sodium bromate, J. Valasek—27, 254(A) 
Planck’s Constant 

Ratio to charge on electron, E. O. Lawrence—27, 
809(A) 
Pliotrons 

Shielded grid, 
113(A), 439 

Shielded-grid, characteristics, A. W. Hull, N. H. 
Williams—27, 432 
Polarization Capacity 

Over wide frequency band, I. Wolff—27, 756 
Polarization-Electric (see Dielectric constant) 


amplification, A. W. Hull—27, 
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Polarization of Radiation 
Following electron impact in Na and Hg vapors, 

A. Ellett, P. D. Foote, F. L. Mohler—27, 31 
From H atoms in electric field, K. L. Hertel—27, 

804(A) 

Of fluorescent light from colloid solutions, P. 
Fréhlich—27, 803(A) 

Positive Ions (See also Thermionic Emission 

of Positives) 

Concentration and temperature in arcs, L. Tonks, 
H. M. Mott-Smith, Jr., I. Langmuir—27, 
514(A) 

Impact in Hg, ionization potentials, W. J. Hooper 
—27, 109(A) 

Impact on metals, secondary electrons, W. J. 
Jackson—27, 809(A) 

In discharge in H:, analysis, H. D. Smyth, C. J. 
Brasefield—27, 514(A) 

Passage through gases, A. J. Dempster—27, 108(A), 
514(A) 

Potentials Critical 

Of electron impact 

In Cs, K vapors, A, Ne, F. L. Mohler—27, 515(A) 

In Ga, In vapors, C. W. Jarvis—27, 248(A) 

In He, Ne, on Fe catalyst, G. Kistiakowsky—27, 808 

In He, from band spectra, E. E. Witmer—27, 513(A) 

In He, and double impacts, G. Glockler—27, 423 

In Hg vapor, C. W. Jarvis—27, 808(A) 

In Hg vapor, precision method, E. O. Lawrence— 
27, 515(A), 809(A) 

In Hg vapor, spectroscopic examination, D. R. 
White, H. W. Webb—27, 243(A) 

In Ne, Os, F2, Cl, stripped atoms, I. S. Bowen, 
R. A. Millikan—27, 144 

On:Fe surface, secondary emission, H. E. Farns- 
worth—27, 243(A), 413 

Relation to radius of atom, A. S. Eve—27, 515(A) 

Of positive ion impact 

In He, negative results, critique, W. J. Hooper—27, 
109(A) 

Proceedings of American Physical Society 
Chicago Meeting, November 27-28, 1925—27, 101 
Kansas City Meeting, Decembef 28-30, 1925— 

27, 240 
Montreal Meeting, February 26-27, 1926—27, 507 
Stanford Meeting, March 6, 1926—27, 637 
Washington Meeting, April 23-24, 1926—27, 794 

Protons 
Passage through gases, A. J. Dempster—27, 108(A), 

514(A) 


Quantization in Space 
Of alkali metal atoms, J. B. Taylor—27, 248(A), 
817(A) 
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Of He, O:, test, B. B. Weatherby, A. Wolf—27, 
252(A), 769 
Quantum 

Cross-sectional area, R. J. Piersol—27, 509(A) 

Interference of single quantum, A. J. Dempster—27, 
804(A) 
Quantum Numbers 

Half integral, in MgH bands, W. W. Watson—27, 
801(A) 

Relation to transition probabilities, F. C. Hoyt—28, 
105(A) 
Quantum Theory 

Application to luminosity of nebulae, H. Zanstra— 
27, 644(A) 

Matrix dynamics, application to intensities, F. C. 
Hoyt—27, 805(A) 

Of dielectric constants, L. Pauling—27, 568 

Of Doppler effect, G. E. M. Jauncey—27, 637(A) 

Relation to Maxwell-Lorentz equations, N. Rashev- 
sky—27, 105(A) 


Radiation (See also Polarization, Penetrating 
Radiation) 

Black-body, relation to fluorescence, E. H. Kennard 
—27, 803(A) 

Duration, in Hz under 10.2 v electron impact, F. G. 
Slack, Harold W. Webb—27, 244(A) 

Electromagnetic theory, L. V. King—27, 804(A) 

From collisions between protons and electrons, 
theory, A. L. Hughes, G. E. M. Jauncey—27, 
509(A) 

From formation of He from H, G. E. M. Jauncey 
and A. L. Hughes—27, 509(A) 

From H in electric field, K. L. Hertel—27, 804(A) 

From mass annihilation, A. S. Eve—27, 517(A) 

Of energy, theory, H. Bateman—27, 606 

Reflection from equally spaced planes, theory, 
T. H. Gronwall—27, 277 

Thermal, from bismuth in magnetic field, C. W. 
Heaps—27, 764 

Time between excitation and emission of fluores- 
cence, L. G. Hoxton, J. W. Beams—27, 245(A) 

Time interval for appearance of spectrum lines, 
J. W. Beams—27, 244(A) 
Radioactivity 

Gamma-rays of Ra, scattering and absorption, 
H. M. Cave and J. A. Gray—27, 103(A) 

Geiger counting chambers, mechanism, C. W. 
Hewlett—27, 111(A) 

RaD, beta-ray spectrum, L. F. Curtiss—27, 257 

RaE, decay, L. F. Curtiss—27, 672 
Rayleigh Disk 

Anomalous action, C. H. Skinner—27, 117(A), 346 
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Rayleigh Disk—(Con’d) 

Application to measure air velocity, C. N. Wall— 
27, 253(A) 
Rectifier 

Contact, new type, L. O. Grondahl—27, 813(A) 
Refractive Index 

Of He, changes in glow discharge, W. H. McCurdy, 
A. Bramley—27, 314 
Relativity 

And radiation, A. S. Eve—27, 517(A) 

Ether-drift experiments, Mount Wilson, February 
1926, D. C. Miller—27, 812(A) 

Mass constancy, J. A. Eldridge—27, 254(A) 

Practical importance, J. A. Eldridge—27, 117(A) 
Residual Ionization (see Ionization, Natural) 
Resonance Potentials (see Potentials, Critical) 
Reverberation (see Acoustics) 
Screening Constant 

Approximation, D. T. Wilber—27, 513(A) 
Settling of Small Particles 

Transient state, W. Weaver—27, 499 
Shot Effect 

By impact ionization in A, A. W. Hull, N. H. 
Williams—27, 111(A) 

In aperiodic circuits, electronic charge, N. H. 
Williams, H. B. Vincent—27, 810(A) 
Solid Solutions 

Nickel-chromium, F. C. Blake, A. E. Focke—27, 
798(A) 
Sounder, Acoustic 

Performance on Australian crulse of U. S. fleet, L. 
P. Delsasso—27, 643(A) 
Space Charge 

Between coaxial cylinders, gas present, W. H. 
McCurdy—27,, 157 

Relation to work function, J. Slepian—27, 112(A) 
Specific Heat : 

On Hz, calculation from band spectra, G. H. Dieke 

—27, 639(A) 
Spectra, Absorption 

Al, Ga, In, Tl vapors, ultra-violet, J. G. Frayne, 
A. W. Smith—27, 246(A) 

Bi, Cr, Cu, Te vapors, R. V. Zumstein—27, 562 

Brucite and some sulphates, isotopic effects, E. K. 
Plyler—27, 801 

HCI, at 3.5y, intensity, D. G. Bourgin, E. C. Kemble 
—27, 802(A) 

Iodine vapor, F. W. Loomis—27, 802 

Mn vapos, R. V. Zumstein—27, 106(A) 

Nitric oxide, H. Sponer, J. J. Hopfield—27, 640(A) 

Organic liquids, infra-red bands, J. W. Ellis—27, 
245(A), 298 

Organic liquids, effect of halogens, J. W. Ellis—27, 
639(A) 
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Sn vapor, ultra-violet, R. V. Zumstein—27, 150 
“True half-breadth” of absorption lines, T. M. 
Dahm—27, 246(A) 
Spectra, Band (see also Molecular Structure) 
Acetylene, methane, ethylene, F. C. McDonald—27, 
246(A) 
Active nitrogen, R. Rudy—27, 110(A) 
AlO, quantum analysis (5200-4650), 
Pomeroy, R. T. Birge—27, 107(A) 
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-AlO, 44842, fine structure, W. C. Pomeroy—27, 


640(A) 

H2, continuous, W. H. Crew, E. O. Hulburt—27, 
800(A) 

H2, ultraviolet, interpretation, E. E. Witmer—27, 
513(A) 

H2, applied to specific heat, G. H. Dieke—27, 
639(A) 

HCI, at 3.5u, intensity, D. G. Bourgin, E. C. Kemble 
—27, 802(A) 

I,, resonance spectrum, E. C. Kemble, E. E. Witmer 
—27, 802(A) 

I,, fluorescence and absorption, F. W. Loomis—27, 
802(A) 

I,, H. F. Fruth, O. S. Duffendack—27, 248(A) 

Intensity distribution, theory ,E. Condon—27, 
640(A) 

MgH, quantum analysis, W. W. Watson—27, 801(A) 

No, ultra-violet, analysis, J. J. Hopfield—27, 801(A) 

NO, H. Sponer, J. J. Hopfield—27, 640(A) 

O,*, 42000-2300, V. M. Ellsworth, J. J. Hopfield— 
27, 639(A) 

OH, A3064, combination relation, W. W. Watson— 
27, 246(A) 
Organic liquids, infra-red, J. W. Ellis—27, 245(A), 
298 ' 
Organic liquids, effect of halogens, J. W. Ellis—27, 
639(A) 

Sodium hydride, P, Q, R_ combinations, E. H. 
Johnson—27, 800(A) 

Structure, theory, R. S. Mulliken—27, 513(A) 

Swan bands, molecular constants of emitter, J. D. 
Shea, R. T. Birge—27, 245(A) 

Zeeman effect, theory, E. C. Kemble—27, 799(A) 
Spectra, line 

Argon, F. A. Saunders—27, 799(A) 

Al, \1250-500A, I. S. Bowen, R. A. Millikan—27, 
144 

Beryllium, R. F. Paton, W. H. Sanders—27, 106(A) 

Br, Cl, I, in Schumann region, L. A. Turner—27, 
397 

Cd, Zn, Mg, H, time of appearance, J. W. Beams— 
27, 244(A) 

Cd, Zn, time of appearance, J. W. Beams—27,805(A) 
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Spectra, Line—(Con’t.) 

Cd, wave-length standard, 
107(A) 

Cu, term values, Zeeman effects, A. G. Shenstone 
—27, 511(A) 

F, Zeeman, effect, G. H. Carragan—27, 106(A) 

Fe, ultra and extra-ultra-violet, O. Stuhlman, Jr.,— 
27, 799(A) 

H, Balmer lines, fine structure, W. V. Houston—27, 
244(A) 

Hg, voltage-intensity relation, D. R. White, H. W. 
Webb—27, 243(A) 

I, H. F. Fruth, O. S. Duffendack—27, 248(A) 

Intensities, calculated by matrix dynamics, F. C. 
Hoyt—27, 805(A) 

Interpretation of complex spectra, O. Laporte—27, 
512(A) 

Mixed gases, striated discharge, 
M. S. Home—27, 248(A), 709 

N, ultra-violet, J. J. Hopfield—27, 801(A) 

O(VI), O(V), extreme ultra-violet, I. S. Bowen, 
R. A. Millikan—27, 106(A), 144 

pp’ groups in O(V), I. S. Bowen, R. A. Millikan— 
27, 106(A), 144 

pp’ groups in elements S(I) to K(IV), J. J. Hopfield, 
G. H. Dieke—27, 638(A) 

pp’ groups, theory, R. A. Sawyer—27, 106(A) 

Screening constant, approximation, D. T. Wilber 
—27, 513(A) 

Ti, extreme ultra-violet, R. C. Gibbs—27, 799(A) 
Spectra, Transformation 

Relation to fluerescence, E. L. Nichols, G. L. 
Howes—27, 803(A) 
Spectrograph (Vacuum) 

Technique, R. J. Lang, S. Smith—27, 108(A) 
Spectroscopy, Methods and Technique 

Greater dispersion in extreme ultra-violet, R. J. 
Lang, S. Smith—27, 108(A) 

Method fer exciting spectra of certain metals, John 
K. Robertson—27, 511(A) 

Primary standard of wave-length, effect of type of 
source, G. S. Monk—27, 107(A) 

Standard wave-lengths in extreme ultra-violet, 
S. Smith, R. J. Lang—27, 512(A) 
Standard Cells 

Temperature coefficients and ageing corrections, 
H. E. Reilley, A. N. Shaw—27, 517(A) 
Stark Effect 

In H, effect of an electric field on the radiation from 
hydrogen atoms, K. L. Hertel—27, 804(A) 

Method of measuring relative intensities of com- 
ponents, J. S. Foster, M. L. Chalk—27, 512(A) 

Patterns in He, J. S. Foster, H. B. Hachey, W. 
Rowles—27, 512(A) 


G. S. Monk—27, 


D. A. Keys, 
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Surface Tension 

H,0 by stroboscopic method, S. G. Subramanyam 
—27, 632 

Na, F. E. Poindexter—27, 820(A) 
Thermal Conductivity 

Li, Na, Pb to —250°C, C. C. Bidwell—27, 819(A) 

Metals at high temperatures, M. F. Angell—27, 820 
(A) 
Thermal Expansion 

Crystals from absolute zero to melting point, W. P. 
Davey—27, 819(A), 

Cu from absolute zero to melting point, T. A. Wil- 
son, W. P. Davey—27, 819(A), 

Silica, fused, W. Souder, P. Hidnert—27, 253(A) 

W. P. Hidnert, W. T. Sweeney—27, 519(A) 
Thermionic emission of electrons (See also 

Shot effect) 

From Cs adsorbed on W and oxidized W, J. A. 
Becker—27, 112(A), 811(A) 

From W in vapors of Rb, K, T. J. Killian—27, 578 

From W, velocity distribution in vacuum and Hp, 
C. Del Rosario—27, 810(A) 

Relation to transition probabilities, E. O. Lawrence 
27, 555 

Thermodynamical theory, N. Rashevsky—27, 254 
(A), 810(A) 

Universal constant, P. W. Bridgman—27, 173 

Work function and space charge, J. Slepian—27, 
112(A) 
Thermionic Emission of Positives 

From new source, analysis, G. P. Harnwell, H. A. 
Barton—27, 514(A); H. A.Barton, G. P. 
Harnwell, C. H. Kunsman—27, 739 

From W in Rb and K vapors, T. J. Killian—27, 578 

From W filaments, R. L. Kenworthy—27, 112(A) 

Mixture containing Fe, Al and Cs C. H. Kunsman 
—27, 249(A) 
Thermocouples 

Location of e.m.f., W. H. Rodebush—27, 250(A) 
Thermodynamics 

Of thermionic phenomena, 
254(A), 810(A) 
Thermo-Electric Effect 

Relation to Hall coefficient, C. W. Heaps—27, 
252(A) 

Variations due to changes in crystallinity. L. J. 
Newman—27, 643(A) 
Thermomagnetic Change Point 

Effect of small amounts of silicon on ‘‘A2” in mild 
steel, F. C. Farnham—27, 817(A) 
Thomson Effect 

In Bi, amomalies, M. O’Day—27, 643(A) 


N. Rashevsky—27, 
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Transition Probabilities 

In Cs vapor, F. L. Mohler, P. D. Foote, R. L. 
Chenault—27, 37 

Relation to principal quantum numbers, F. C. 
Hoyt—27, 105(A) 

Relation to thermionic emission and photo-electric 
effect, E. O. Lawrence—27, 555 
Transmission of Sound (See Acoustics) 
Transmutation of Elements 

Hg to An, failure, H. H. Sheldon, R. S. Esty—27, 
515(A) 
Tuning Fork 

Effect of amplitude on frequency, C: Moon, H. L. 
Curtis—27, 818(A) 
Ultrasonic Beam 

Application to sound reflection measurements, 
R. W. Boyle, J. F. Lehmann—27, 518(A) 

Cavitation in the track, R. W. Boyle, G. B. Taylor 
—27, 518(A) 
Vacuum Gauge 

Application to locate beam of molecules, T. H. 
Johnson—27, 519(A) 
Vacuum Tube 

Application to produce short electromganetic waves 
A. Marcus—27, 250(A) 

Application to electrical measurements, S. L. Brown, 
M. Y. Colby—27, 250(A) 

Pliotrons, shielded grid, amplification, A. W. Hull 
—27, 439 

Pliotrons, shielded grid, characteristics, A. W. Hull, 
N. H. Williams—27, 113(A), 432 
Valence 

Magnetic theory, E. H. Williams—27, 114(A) 
Vapor Pressures 

K and Rb—T. J. Killian—27, 578 

Solid potassium amalgams, F. E. Poindexter—26, 
253(A) 

Solid sodium amalgams, F. E. Poindexter—27, 
115(A) 
Viscosity 

Of air, relation to humidity, J. C. Stearns—27, 
116(A) 
Visibility 

Interference by niultiple reflections, L. Gilchrist 
—27, 596 
Voltage multiplier 

Electrostatic theory, A. W. Simon—27, 341 
Voltameter 

Sodium, R. C. Burt—27, 813(A) 
Wave Filters 

Acoustic, in solids, H. F. Olson—27, 116(A) 
Wave-length Standards 

Effect of type of source, G. S. Monk—27, 107(A) 
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Wireless (See also Vacuum tube) 
Measurements and instruments 

Amplification with shielded-grid pliotrons, A. W, 
Hull—27, 113(A), 439 

Applications of vacuum tube multimeter, S. L, 
Brown, M. Y. Colby—27, 250(A) 

Piezo-electric quartx oscellators, E. O. Hulburt— 
27, 814(A) 

Resistance of coils, R. R. Ramsey—27, 250(A), 251 
(A) 

Resistance of condensers, C. D. Callis—27, 113(A); 
R. R. Ramsey—27, 114(A) 

Resistance of condensers, variation with dial setting, 
A. E. Maibauer, T. S. Taylor—27, 251(A) 
Standards of frequency, C. B. Jolliffe, G. Hazen— 

27, 815(A) 
Wave form, self capacity in coils, A. Astin—27, 
815(A) 
Wave-meter, W. W. Salisbury—27, 251(A); H. L. 
Dodge—27, 252(A) 
Reception 
Currents from loop antenna, theory, R. C. Colwell 
—27, 816(A) 
Transmission 
Fading, cooperative study, J. H. Dellinger, C. B. 
Jolliffe, T. Parkinson—27, 816(A) 
Over the earth, mechanism, A. H. Taylor, E. O. 
Hulburt—27, 189 
Work function (See also Thermionic emission) 
For Cst from mixture containing Fe, Al, Cs, C. H. 
Kunsman—27, 249(A) 
Relation to space charge, J. Slepian—27, 112(A) 
X-rays 
Absorption 
Effect of chemical combination, W. B. Morehouse— 
27, 794(A) 
In Ag, effect of temperature, H. S. Read—27, 
795(A) 
In Al, Cu, Fe, Ni, Ag, Pb, effect of temperature, 
H. S. Read—27, 373 
In C, paraffin, 16 metals, A456—.08A, S. J. M. Allen 
—27, 266 
Diffraction 
By grating, R. L. Doan, A. H. Compton—27, 104(A) 
By liquids, E. H. Collins—27, 242(A) 
By liquids, G. W. Stewart, R. M. Morrow, E. W. 
Skinner—27, 104(A) 
General Radiation 
Energy distribution, C. N. Wall—27, 104(A) 
Theory, M. S. Vallarta—27, 104(A) 


Polarization 
Of characteristic rays, J. B. Bishop—27, 797(A) 
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X-Rays—(Con’d.) 
Reflection 
From atomic planes of fluorite, relative intensities, 
D. A. MacInnes, T. Shedlovsky—27, 130 
From Cu, Ni, Al for soft x-rays, E. R. Laird—27, 
510(A) 
From equally spaced planes, theory, T. H. Gronwall 
—27, 277 
From equally spaced planes theory, L. Gilchrist— 
27, 508(A) 
From Na Cl, intensity, R. J. Havighurst—27, 
243(A) 
From Na Cl, solid and powdered, J. A. Bearden— 
27, 796(A) 
Refraction and dispersion 
By small particles, R. von Nardoff—27, 797(A) 
By total reflection, R. L. Doan—27, 796(A) 
In Al prism, B. Davis, C. M. Slack—27, 18 
In prisms of Al, Cu, S, Ag, C, N. Davis, C. M. 
Slack—27, 796(A) 
Theory, R. de L. Kronig—27, 797(A) 
Scattering (see also Compton effect) 
in C, H,O, Na, as function of A, P. Mertz—27, 795 
(A) 


X-ray Spectra 
Absorption edges 


K discontinuity, magnitude, F. K. Richtmyer— 
27,1 

K edge, Ca, five structure, G. A. Lindsay, G. D 
Van Dyke—27, 508(A) 
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K edge of Ag, precision study, F. K. Richtmyer, 
J. B. Bishop—27, 794(A) 
L edge of W, C. B. Crofutt—27, 243(A), 538 
Continuous 
Continuity at wave-lengths twice the short-wave 
limit, D. L. Webster—27, 638 
Energy distribution, C. N. Wall—27, 104(A) 
Theory, M. S. Vallarta—27, 104(A) 
Intensity and Visibility 
Formulas, L. Gilchrist—27, 508(A) 
Lines 
Ka doublet separation, irregularity theory, D. M. 
Base—27, 521 
Ka wave-length, by grating, R. L. Doan, A. H. 
Compton—27, 104(A) 
K series for Sn to Bi, J. M. Cork, B. R. Stephenson— 
—27, 103(A) 
K series Sn to Hf, J. M. Cork, B. R. Stephenson— 
27, 530 
K series for Ta to Bi, B. R. Stephenson, J. M. 
Cork—27, 138 
K-radiation series, origin from target of x-ray tube, 
M. Balderston—27, 696 


Zeeman Effect 

Calculations based on inner quantum numbers, 
J. Kunz—27, 817(A) 

Cu spectrum, A. G. Shenstone—27, 511(A) 

F spectru, G. H. Carragan—27, 106(A) 

Quantum theory for band lines, E. C. Kemble— 
27, 799(A) 
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Vacuum Tube Oscillators 





In consequence of a licensing agreement the 
General Radio Company is now in a 
position to offer Vacuum tube os- 
cillators for laboratory use. 


Type 337 Low frequency oscillator—$400.00 
Range 50—60,000 cycles 


Bulletin 800P 


GENERAL RADIO COMPANY 
30 State Street 
CAMBRIDGE, MASS. 
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INFORMATION FOR CONTRIBUTORS TO THE 
PHYSICAL REVIEW 





Purpose of the Review is to publish articles that add to our knowledge of experi- 
mental or theoretical physics. 

Articles which have not previously been published may be submitted by any physi- 
cist whether American or not. Each manuscript will be acknowledged by the Managing 
Editor as soon as received. An article to be considered must be in English and in a form 
ready for publication; it must be provided with a preliminary abstract prepared in ac- 
cordance with the directions given on a following page. Carelessly written articles and 
figures not carefully drawn will be returned for revision. All manuscripts should be typed 
double space and symbols written in with great care so as to be quite clear to the printer. 

Suggestions as to Content. On account of the high cost of printing, brevity is of 
great practical importance. Historical summaries of previous results and also discus- 
sions which consider various possible explanations without leading to definite conclusions, 
should be made very brief, except in special cases. The greater part of the paper should 
be devoted to the actual new results and to a concise presentation of the conclusions to 
which they lead. Attention should be directed to the more accurate and more conclusive 
experiments, omitting any which add nothing. The amount of detail included should be 
governed somewhat by the importance of the results and their interest to physicists. 

Suggestions as to form. Clearness is of great importance. Pains should be taken 
to insure that the order and form of presentation are such as to enable the reader to grasp 
the new information as.easily and quickly as possible. In general the order should be: 
Statement of the problem and of the purpose, scope and general method of the investiga- 
tion, followed by a description of the apparatus, experiments and results in such order 
as to bring out clearly the evidence for the main conclusions, the paper ending with per- 
haps a brief discussion of the significance and bearing of the results on other problems. 
Avoid the historical or laboratory note-book style; use rather the text-book or lecture 
style. Footnotes should be numbered consecutively and each reference should contain 
author’s name. “ 

Abbreviations. Omit periods after such symbols for units as the following: cm, mm, 
kv, lb, A, °C; also after I, II, . . . and percent, and after headings in columns in Tables. 
Write a.c., e.m.f., abscissas, disk, in vacuum, wave-length, x-rays, percent. Refer to 
figures as Fig. 1, Figs. 3 and 4; and to equations as: Eq. (5); Eqs. (7) and (8). Number 
equations on the right. 

Mathematics. Indicate division by a slant line where possible. Avoid unusual 
symbols, symbols with rules over them, cumbersome fractions. 

Figures or illustrations. Use only jet black ink, on white or on blue-lined cloth or 
paper. Tracing cloth is especially suitable. Curves plotted or traced on such cloth 
or paper may have co-ordinates ruled in black at desired intervals, say every centimeter 
or inch, as blue lines are not reproduced photographically. Colors other than blue and 
black should be avoided. Indicate observed points on all plots. Arrange material in each 
figure compactly. It is well when possible, to make the longer dimension horizontal, 
as larger reproduction can then be permitted; if vertical figures are necessary, space 
may be saved by making two of the same height, and putting them side by side. All 
lettering should be at least +%,"' high for an 8’’X10"’ figure, so as to be legible after re- 
duction. Lettering left in pencil will be inked in by a draftsman in this office. In general 
each figure and table should have a caption, describing it briefly. Reduce the number 
of tables and figures to the necessary minimum. 

Proofs. Galley proof of each article is sent directly from the publishers to the author 
and should be corrected with great care so as to eliminate all errors, as page proof cannot 
always be submitted. Only necessary changes should be made; extensive additions will 
mean the delay of a month in publication. All corrected proof should be sent promptly 
with the manuscript to the Physical Review, 1500 University Ave. S. E., University 
of Minnesota, Minneapolis. 

Permission to republish any article is given, if proper acknowledgment is made. 

Reprints ordered on the proper form with the return of the galley proof, will be 
furnished by the printer according to the prices given on the form. 
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CAMBRIDGE INSTRUMENTS 





MOLL VACUUM 'THERMO-ELEMENT 


Molt Thermopiles of standard pattern, conspicous for 

their rapidity of action and high sensitivity, have been 
supplied by Cambridge for several years. It has been well 
known that a similar Thermopile placed in a vacuum has its 
sensitivity increased considerably, but this type of Vacuum 
Thermopile as previously constructed has not given the results 
expected owing to the great heat capacity of the thermo- 
elements. 

We are now in position to furnish the Vacuum Thermo-element illus- 
trated above as designed by Drs. Moll & Burger. This instrument makes 
use of extremely thin strips of manganin and constantan brazed together and 
mounted in a vacuum. The strip is less than .oor mm. thick at the junction 
of the two alloys and the Thermo-element is mounted upon platinum wires 
fused into a glass compartment which is exhausted to a high degree of, 
vacuity. The glass is enclosed in a metal case, having double walls insu- 
lated from each other. 


This Vacuum Thermo-Element is particularly suitable for spectrum work: 
It has high sensitivity, and is extremely rapid in action, the position of 
equilibrium being obtained within three seconds of the time of throwing the 
radiation on the Thermo-element. 


We would be pleased to send further information upon request. 


ALSO 
Temperature ALSO 
CAMBRIDGE 
Controlling Electrical 
instruments Instruments 
Engineering Physiological 
D.C. Special 
Electrical MAIN OFFICE AND FACTORY INCORPORATING | SALES OFFICE &, SHOWROOM sachremente 


nstruments -ON i j 
ee MUSPMNOLE! arena 
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Superior Designs of Physical Apparatus 
FOR ADVANCED CLASSES 


Our Technical Staff has given most careful attention to designs of 
instruments of high accuracy for Advanced and University Classes. 
Welch Designs are Unqualifiedly Guaranteed 
The apparatus illustrated below are examples of the many instruments 
of this type that we manufacture. 











570 ROTATIONAL INERTIA APPARA- 1684 MECHANICAL EQUIVALENT OF 
TUS (Millikan). Ball bearing. With eyepieces HEAT APPARATUS (Wilson). Our new 
and electrically driven tuning fork.....$125.00 form applies force as a couple.......... $60.00 











2410 DYNAMO ANALYSIS APPARATUS ad oe. oo ws fe 

ste: . . pecial adjustable mounting ay e sup- 
(Millikan & Mills). Strong, permanent mag- ported in any plane. Large fork 1x2% x 30 
nets, 10 degree divisions, positive action. . $36.00 ie We Gh We Diwesanvededavescasabaten $30.00 


For prices on quantities and a more complete listing of our Physical 
Apparatus, write for “Pamphlet of Physical Apparatus Selected from 
Catalog ‘G’” and, if you do not have our complete Catalog “G” be 
sure to ask for it. 

comes COAST DISTRIBUTORS 








Braun-Knecht-Heimann Compan Braun Corporation 
576-584 Mission Street, San siensiien, ” calif, 363 New High Street, Los Angeles, Calif. 
QUALITY 
A Sign of Quality WIE G]q| 4 Mark of Service 
SERVICE . 








W. M. Welch Scientific Company 


Scientific Department of the W. M. Welch Manufacturing Company 
1516 Orleans St., Mazuisct™"g' Importers, and, Exporers of Chicago, Ill., U.S.A. 
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PHYSICAL REVIEW 


PREPARATION OF PRELIMINARY ABSTRACTS 


An article will not be accepted for publication in THe PuysicaL Review unless the 
manuscript is accompanied by an adequate abstract for publication at the beginning of 
the article. This abstract is intended to aid the reader by furnishing an index and a 
brief summary of the contents of the article. Besides serving these purposes it should 
also be suitable for reproduction in abstract journals so as to make it unnecessary for 
the editors of these journals to have another abstract prepared. 


As an index it should be complete; all the subjects, major and minor, concerning 
which new information is presented, should each be given, with sufficient precision 
so that any reader can tell from the abstract whether the article contains anything of 
interest to him. The subject indexes of abstract journals are fundamental in reference 
work. “These indexes are prepared exclusively from the abstracts and whatever is omitted 
from the abstracts cannot be included in the index and may thus be lost. The writer 
of an abstract should therefore feel himself under an important obligation to his scientific 
colleagues to make sure that the abstract is accurate and complete, at least as an index. 


Asa summary the abstract should give briefly the conclusions of the article, important 
advances in experimental technique and theory, and all numerical results of general 
interest that may be conveniently given including all that might belong in a hand book 
and table of constants. It should give all the information that readers who are not 
specialists in the particular field involved might desire to know about the article thus 
saving them the time and trouble in referring to the article itself. Experience has shown 
that in general the length of the abstract should be from four to eight percent of the 
length of the article. 


THE PuysicaAL REvIEW 1923-1925 contains many examples of adequate abstracts. 
Most of these contain paragraph titles and subtitles which indicate the subjects con- 
cerning which new information is given and it is requested that authors include such 
subtitles when all the information contained in the article does not refer to the subject 
indicated by the title of the article. Such subtitles may be frequently avoided by re- 
wording the title so as to make it more precise. 
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“POINTOLITE” LAMPS 


“Pointolite’’ Lamps produce an intense- 
ly brilliant white light from a very small 
source, and therefore are especially suited 
for use with microscopes, reflecting gal- 
vanometers, oscillographs and other optical 
instruments—as well as for photographic 
projection work. 

They require no more attention when in 
operation than an ordinary incandescent 
lamp. 

For D. C. circuits ‘“Pointolite’ Lamps 
of 30, 100, 500 and 1000 candle power are 


available; while for A. C. circuits we have 
a 150 c. p. lamp. 

The illustration represents a 100 c. p. 
direct current lamp with holder, reflector, 
etc., and a universal control box suitable 
for circuits of 100, 110, 200, 220 and 240 
volts, 

Write for Bulletin O-1100 


JAMES G. BIDDLE 


Scientific Instruments 
1211-13 Arch St. PHILADELPHIA 











Why not keep posted 


It takes time. 


some leads which 


It requires following up 


get you nowhere. 


Never-the-less about once in five times you 


find something worth while. 


We believe 


that the cross section sample book will 


prove to be the one valuable follow-up. 


CORNELL CO-OPERATIVE SOCIETY 


BARNES HALL 


ITHACA, N. Y. 
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Wire As Fine As You 
W ant It 


E HAVE Platinum wire as fine as .00025 M/M (.00001”). 

Palladium wire, Platinum 90%-Rhodium 10%, Gold 60%- 

Palladium 40%, Gold, Silver, Copper and Aluminum wires 
as fine as .0025 M/M (.0001”). 


4 Wire so fine cannot be drawn bare. It can be made only by the 
Wollaston process. By,this method, before drawing, the wire is 
covered with a jacket of another metal. This composite wire is then 
reduced to the possible limit of fineness. When put to practical use, 
the jacket is dissolved off, leaving the minute core. Directions for 
doing this are included with each shipment. 


| We can supply bare-drawn wire as fine as .0175 M/M (.0007”). 


{ Consult us about your wire needs. Our experience and our skill 
are at your service. 


BAKER & CO., INC. 
54 Austin Street, Newark, N. J. 
3@ CHURCH ST., NEW YORK 5 SO. WABASH AVE., CHICAGO 














JOURNAL OF SCIENTIFIC INSTRUMENTS 


(Published on the 15th day of each month.) 


PRODUCED BY THE INSTITUTE OF PHYSICS 
with the co-operation of the 


NATIONAL PHYSICAL LABORATORY 


Price, Single Copies 2s. 6d. 
Annual Subscription, 30s, including postage. 


Send Subscriptions to the 
Cambridge University Press, Fetter Lane, London, E. C. 4 


CONTENTS OF APRIL ISSUE 


(Vol. III, No. 7) 
A Reliable Thermo-Converter. By W. J. H. Moll. 
Description of an Apparatus for the Determination of the Extinction Coefficients of Optical 
Glasses for Light in the Visible Spectrum. By W. D. Haigh. 
Some Applications of the A.C. Potentiometer. By 7. Spooner. 
A Method for the Quantitative Measurement of Quick Changes in the Outflow of Liquids. 
By G. V. Anrep and A. O. Downing. 
New Instruments: The Mutoschome. By OC. F. Smith. 
An Automatic Registering Chronometer for Recording Ship’s Motion. 
Test Room and Workshop Notes: 
An Optical Multiplier. By W. I. Place. 
Note on the Prevention of Flickering in the Flames of a Gas-Controlled Thermostat. 
By Albert Grifiths. 
Another Optical Method for Increasing the Accuracy of Reading Angular 
Defiections. 
The Lubrication of Fine Mechanism. 
Notes from Scientific Journals: Correspondence: Reviews. 
Tabular Information on Scientific Instruments: VII. Variable Air Condensers. 








This Journal is devoted to the needs of workers in every branch of science and manufacture 

involving the necessity for accurate measurements. Its scope includes Physics and Chemis- 

try, Optics and Surveying, Meteorology, Electrical and Mechanical Engineering, Physiology 

and Medicine. ’ - 

With the October number a new volume began. Vols. I and II can be obtained complete, 
bound in cloth, for 35s. each. 
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An Interesting Booklet 
Now Available 


Features Instruments for Capaci- 
tance and Inductance Measure- 
ments and Magnetic Testing 


This booklet (48 pages) is issued to list our standards of 
‘ capacitance and inductance, together with instruments for 
making capacitance, inductance and magnetic measurements. 


In connection with some instruments, the method of using 
them is discussed, while in others, where the uses are very 
broad, the reader is referred to authoritative works, so that 
the book is both a source of information and a guide to other 
sources, 


Write for Catalogue No. P-10 


LEEOS & NORTHRUP COMPANY 
4901 STENTON AVENUE, PHILADELPHIA 


LEEDS & NORTHRUP 
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Every laboratory 
should be equipped with 
enough of these 
test tubes 


OR many laboratory operations the 

use of Pyrex test tubes is not only 
desirable, but essential. Their resistance 
to heat and to sudden cooling, their high 
chemical stability, and their dependability 
under exacting conditions far more than 
justify a somewhat higher initial cost. 


Experienced chemists always keep on 
hand an adequate supply of Pyrex test 
tubes to meet such conditions. For they 
realize the wastefulness in time and effort 
of test tubes breaking during an impor- 
tant or delicate experiment. 


But even for every day, routine work, 
Pyrex test tubes are more satisfactory 
and dependable—eliminating the annoy- 
ance of constant glassware breakage. 


Pyrex test tubes are obtainable in 
standard shapes and sizes to meet differ- 
ent laboratory requirements. Like all 
Pyrex laboratory ware, they will still be 
giving service long after ordinary glass- 
ware has been replaced several times. 
Write for latest catalog. 


PYREX Industrial Equipment 


Wherever visibility or chemical stabil- 
ity is desirable—or where corrosion or 
heat resistance are factors, Pyrex is 
replacing metal installations in more 
and more industrial plants. 


The services of specially trained 
engineers are available without cost or 
obligation. Write for information. 


CORNING GLASS WORKS 


Laboratory Glassware Division 
Corning, New York 
NEW YORK OFFICE: 501 FIFTH AVE. 


Largest Makers of Technical 
Glassware in the World 


| 
| 


pe 


Every Pyrex test tube is identified 
by the PYREX trade mark 


Pyrex equipment for 
general laboratory use 


Beakers 

Flasks 

Test Tubes 
Combusion Tubes 
Condensers 
Funnels 

Graduates 
Graduated Cylinders 
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The McLeod Vacuum Gauge is a practical 
and scientifically accurate instrument for 
measuring vacuums from 200 microns to half 
a micron. Each gauge is calibrated and the 
scale marked directly in microns, making 
mathematical calculations unnecessary. 





This type of gauge is used extensively in the 
laboratories and factories of the General 
Electric Company and is now available for 
use elsewhere. 


The McLeod Gauge is furnished in either 
natural wood or mahogany finish. It can be 
purchased directly from the General Electric 
Company or from: 


Central Scientific Company, Chicago, IL 
James G. Biddle, Philadelphia, Pa. 
Arthur H. Thomas Co., Philadelphia, Pa, 
Fischer Scientific Co., Pittsburgh, Pa. 








GENERAL ELECTRIC 


GENERAL ELECTRIC COMPANY, SCHENECTADY, N. Y., SALES OFFICES IN ALL PRINCIPAL CITIES 
ee 
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BECBRO 


Laboratory 
Rheostats 





Screw Adjustment Type 


“BECBRO” Rheostats carried in stock include numerous ratings. 

Included in the stock sizes are tubular types of length 20”; 16”; 8”; the resistance 
element being Wire or Ribbon. 

Each tube has a slider adjustment which varies the resistance by very small steps from 
Zero to total value of the unit. 

The approximate total resistance of these stock rheostats vary from 0.3 ohm to 30,000 
ohms per unit, and have corresponding current capacities of 25 amperes down to 0.1 
ampere. 

Rheostats of more or less special construction include the Single Tube equipped with 
two rods and two sliders; Single and Double Tube equipped with Screw Adjustment (see 
cut); Double and Triple Tubes mounted as a Unit; Non-Inductive Wound Tubular and 
Stone Types. 

“BECBRO” Carbon Compression Rheostats with corresponding Normal Ratings of 
250; 1000; 1500; 3000 Watts. 

Write for Catalog P-20 


BECK BROS. 


3640-42 North Second Street Philadelphia, Pa. 


























ELECTROMETERS 


GALVANOMETERS 


; PYROMETERS 


RESISTANCE 
BOXES 


RHEOSTATS 


Complete Catalog Sent 
on Request 





PYROLECTRIC 
INSTRUMENT CO. 


Electrical Precision 
Instruments 





COMPTON QUADRANT 
ELECTROMETER EASTON, PA. 
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Portable Galvanometer, with molded Bakelite case, made by Leeds and Northrup Co. 


Bakelite often makes possible 
improved design 


This handsome, compact 
galvanometer was made 
practical from a manufac- 
turing standpoint, through 
molding its several parts of 
Bakelite. 


The deep case is molded 
of Bakelite in one piece, 
with finished openings and 
holes, all ready for assem- 
bly. The Bakelite dial 
cover is molded to 


molded complete with milled 
edges and metal inserts. 


The case and all of the Bake- 
lite parts acquire a high 
lustre in the mold, and no 
additional buffing or finish- 
ing is necessary. 


To those chemical engi- 
neers who are interested in 
improving design or per- 
formance—or in effecting 
manufacturing econ- 





exact dimensions, 
and goes into po- 
sition without  re- 
quiring any fitting 
or adjusting. The 
thumb nuts for the 











omies, we offer the 
cooperation of our 
engineers and labo- 
ratories. Write for 
a copy of our Booklet 
: No. 12, “Bakelite 
} Molded.” 








binding posts are 








BAKELITE CORPORATION 


247 Park Ave., New York, N. Y., Chicago Office: 636 W. 22nd St. 
BAKELITE CORP. OF CANADA, LTD. 163 Dufferin St., Toronto, Ont. 


BAKELITE | 


ReaisTEeREo 


THE santana oF Ue A THOUSAND USES 


The registered Trade Mark and Symi bo reducts made from materiale 
manulactured by Bakelite Corporation Under the capital "B” # the numenes | stan for tainity or untieitn 
quantity. It symbolises the infinite number of present and future ration § producta.~ 
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Western Electric 


Nos. 1-A and 2-A 
Audiometers 





Western Electric No. 2-A Audiometer 


These Audiometers enable physicians to measure the 
acuity and quality of hearing of their patients easily, 
quickly and accurately. They are to the Otologist 
what the perimeter is to the Ophthalmologist. 

The No. 1-A Audiometer provides the physician with 


twenty frequencies ranging in steps from 32 to 16,000 
double vibrations per second. 


The No. 2-A is portable and as accurate and quick in 
furnishing information as the No. 1-A but does not 
cover quite as wide a range. 


For further information write 


GraybaR 
ELECTRIC COMPANY, INC. 


SUCCESSOR TO SUPPLY DEPARTMENT Western Electric 


Scientific Equipment Division 


9 East 41st Street New York, N. Y. 
30 North Michigan Boulevard Cuicaco, ILL. 
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G-M Scientific Apparatus 


for 


Lecture Demonstration 


Student, Research and Industrial Laboratories 


A Complete Line of Alkali Metal Hydride 


Photoelectric Cells and Photoelectric Equipment 


An Assortment of Discharge Tubes Designed 
to Illustrate Many of the Phenomena Characteristic 


of the Discharge of Electricity Through Gases 
High Vacuum Apparatus and Accessories 


Special Vacuum Stop-cocks 
Ground Glass Joints 
Electrode Press Seals 


High Frequency Oscillators and Wave Meters 
Glass-blowing Tools and Machinery 


WRITE FOR LIST NO. 2304 


The Development of Scientific Apparatus and 
Machinery Is Solicited 


THE G-M SCIENTIFIC INSTRUMENT COMPANY 
URBANA ILLINOIS 
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Blackwood’ 8 Ballistic: a 
‘ Announced by Us Last June 
Has Been Exhausted . 





No. F1321 


This is the first simple laboratory apparatus offered for the 

study of conservation of momentum, and of energy, easily 

grasped by most students, yet involving underlying theoty 

of a kind to intrigue the most capable workers. The design 

as illustrated embodies features which will cateh the stu- 
dent’s ¢*tention and hold his interest. 


For acomplete description of the seinen wing singin 
_ eg apparatus, send for Cumula 
0. M-21P 


Reprint o of article by Dr. P: B. Klopsteg, “The Ballistic Pendu- 
lem” will be ‘sent on request. Ask for Reprint J 18P. 


ee 
cans, ee ime 

















Top. 


ua 


ifn 






















, 
/ 


















